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ABSTRACT

attempts ion irradiation to activate inert basal plane of MoS, nanosheet to improve its electrocatalytic performance. Experimental results
demonstrate the sulphur vacancies generated by ion irradiation on the basal plane of MoS, mainly boost the efficiency of HER
performance. The moderate fluence of carbon ion irradiation gains the optimum HER performance with an onset potential of 77 mV and

Tafel slope of 66 mV/dec.
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1 Introduction

Hydrogen as a clean alternative to fossil fuels has attracted intense
attentions. The electrocatalytic hydrogen evolution reaction is a
reasonable approach to produce hydrogen [1-3]. Traditional hydrogen
evolution reaction (HER) electrocatalysts including noble metal
catalysts such as platinum-based catalysts show excellent catalytic
performance. However, high price of noble materials has limited
them for further applications [4, 5]. The transitional metal sulfides,
represented by molybdenum disulfide, have attracted wide attention
due to low cost, wide source, and the comparable catalytic properties
of platinum-based catalysts [6-9]. MoS,, as one HER catalyst, has
been studied intensely for these years. It has three types of phases,
which are 1T"-phase, 1T-phase and 2H-phase. Although 1T"-phase
and 1T-phase MoS; with the features of metal phase have an excellent
catalytic performance, their poor stability limits their application
[10-13]. The 2H-phase MoS; is emerging to scientist’s vision due to
its good catalytic behavior and stability [6-13].

Many scientists attempted to enhance the catalytic performance
of the materials such as MoS. by means of increasing the active sites
according to the following three strategies: (1) morphology, in which
the surface area of the materials is increased by developing different
shapes of materials such as nanoparticles [9, 14], nanosheets [15],
nanobelts [16]; (2) replacement, through which the heterogeneous
atoms such as phosphorus [17], carbon [18, 19], tungsten [6],
selenium [20], are doped to lower the hydrogen adsorption free
energy to improve catalytic performance; (3) plasma treatment, in
which argon plasma is used to produce sulfur vacancies on the
basal plane and the edge of the MoS; [21, 22]. The above strategies
are desirable to realize the increase of active sites for the efficient
HER.

Researchers find that the edge active sites dominate the contribution
of the electrocatalytic performance in MoS; [14, 22-24]. Accordingly,
how to activate the inert basal plane of MoS; is an inspiring topic.
As a powerful approach to modify the materials, ion irradiation has
been widely used in aerospace, agriculture, industry and medical
treatment due to its advantage of transferring high energy on the
surface of materials [25, 26]. For example, the microstructure and
properties of materials can be changed by ion irradiation [27, 28].
In this study, we propose to use the ion irradiation to create the
active sites to improve the HER performance of MoS:for the first
time. The study finds that sulphur vacancies as active sites
dominate on the basal plane of MoS: to boost the efficient HER
behavior. The tunable carbon ion (C*) irradiation optimizes the
HER catalytic performance with an onset potential of 77 mV and
Tafel slope of 66 mV/dec.

2 Experimental section

2.1 Synthesis of MoS: samples

1T-phase MoS: nanosheets were prepared through a lithium inter-
calation and exfoliation method. First, the bulk MoS, was pre-
expanded by refluxing in N>Hs at 130 °C for 24 h and then was
lithiated in 1.6 M n-butyllithium in an Ar-filled dry box to form the
lithium intercalated product (LiMoS:). Then it was recovered by
filtration and washed with hexane. Exfoliation was achieved by
treating the Li:MoS, with water under ultrasonication, then it was
centrifuged at 2,000 rpm to remove unexfoliated crystals to form
as-prepared MoS,. The details can be found elsewhere [12]. C ion
irradiation was performed on MoS. powder in NEC 1.7 MV Tandem
accelerator at room temperature. Base pressure in the end-station
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during ion irradiation was less than 5 x 10™* Pa. During the ion
irradiation, the carbon ions were ionized from the ion source and
then accelerated in the acceleration cavity with high-voltage electric
field. Finally, the carbon ions passed through the target materials.
The energy of C ion was 3 MeV, which would make sure that the
incident ions (3 MeV C*) pass entirely through the sample with
almost no residual concentration. The total fluence for the samples is
5x 10", 2 x 10" and 5 x 10" jons/cm?, respectively.

2.2 Characterization

The microstructure of MoS, before and after irradiation was
characterized by transmission electron microscopy (TEM), which
was performed on a FEI Tecnai F30 microscope operating at 300 kV
with a field-emission gun. X-ray diffraction (XRD) measurement
was carried out on a D8 Advance (Bruker). X-ray photoelectron
spectroscopy (XPS) was performed to study the chemical states of
the as-prepared MoS, and the MoS, with different irradiation
fluences on a Escalab 250Xi (Thermo Fisher). All the Raman spectra
were collected using a confocal Raman spectrometre (Horiba, HR
evolution) with an excitation wavelength of 633 nm. The electron
spin resonance (ESR) spectra were performed with Elexsys E580
(Bruker) at room temperature. The range of microwave was set
between 9.8591 and 9.8599 GHz, and the microwave power was set
to 20 mW to prevent moisture and prevent oxidation.

2.3 Electrochemical measurements

The HER tests for different MoS, samples were carried out on a
CHI 660E electrochemical workstation via a three-electrode electro-
chemical configuration in an N:-purged 0.5 M H,SOs electrolyte.
The saturated Ag/AgCl was used as the reference electrode and the
counter electrode was a graphite rod. All potentials were referenced
to a reversible hydrogen electrode (RHE) according to E(vs. RHE) =
E(vs. Ag/AgCl) + 0.21 + 0.059 x pH. The catalyst modified glassy
carbon disk electrode was served as the working electrode. The
catalyst suspension was prepared by dispersing 2 mg MoS; and 2 mg
acetylene black in 250 pL solution containing 200 uL of ethanol and
50 uL of 5 wt.% Nafion with 30 min sonication. The 5 pL of this
catalyst suspension was loaded onto a glassy carbon electrode (4 mm
diameter, mass loading ~ 0.32 mg/cm®). Linear scanning volta-
mmetry was carried out with IR correction at a scan rate of 5 mV/s.

3 Results and discussion

Transmission electron microscope was used to characterize the
microstructures of MoS; before and after ion irradiation. Figure 1(a)
is the TEM image of as-prepared MoS, morphology and shows that
the MoS, image has low contrast, indicating it is composed of few
layers of MoS,. Careful observation finds that there are some curling
pieces of MoS; monolayer (marked with red ellipse in Fig. 1(a)) in
the specimen. Figure 1(b) is the high resolution TEM (HRTEM)
image of as-prepared MoS; and shows its microstructure at atomic
scale. As-prepared MoS; has single crystalline structure and the
interplanar spacing is measured to be 0.27 nm, corresponding to
the d spacing of MoS: (100) planes. The corresponding fast Fourier
transform (FFT) pattern shown in the inset of Fig. 1(b) clearly
exhibits six diffraction spots, indicating the hexagonal structure.
Figure 1(b1) shows the processed image by applying mask of (100)
planes and it is defect-free before ion irradiation.

Figure 1(c) shows the HRTEM image of the ion-irradiated MoS,
by 3 MeV C ions with a total fluence of 5 x 10" ions/cm* (denoted
as MoS;-irral). The area circled by magenta dashed circle shows
a relatively disordered atomic arrangement, which may result in
some crack and the formation of additional edges. The processed
image (Fig. 1(c1)) by applying mask of (100) planes reveals that
dislocation (labelled by red mark) is formed in the MoS; nanosheet.

Nano Res. 2019, 12(7): 1613-1618

~ - % A 2 $ & Foes1
Figure 1 (a) TEM image of as-prepared MoS; nanosheet. (b) HRTEM image
and the corresponding fast Fourier transform pattern of as-prepared MoS;
nanosheet. (c)-(e) HRTEM images of ion-irradiated MoS; nanosheets with the
fluences of 5 x 102 cm™ (MoSz-irral), 2 x 10" cm™ (MoS;-irra2) and 5 x 10" cm™
(MoSz-irra3). (f)-(h) the typical lamellar structure within MoS;-irral, MoS;-
irra2 and MoS;-irra3 nanosheets. The red “T” represents dislocation and areas
surrounded by magenta dashed curve represent disordered regions. The blue
and yellow sphere structures represent molybdenum and sulfur atoms,
respectively.

It implies the occurrence of the sulfur vacancy on the basal plane of
ion-irradiated MoS; nanosheets. Figures 1(d) and 1(e) are the
HRTEM images of MoS: nanosheets further irradiated by 3 MeV C
ions with a total fluence of 2 x 10" ions/cm? (denoted as MoS;-irra2)
and 5 x 10" ions/cm* (denoted as MoS,-irra3), respectively. The
increasing disorder area (curved by magenta dashed lines) and
dislocations (red marks) inside the MoS, nanosheet are observed.
The corresponding FFT patterns in the insets of Figs. 1(d) and 1(e)
show six independent diffraction arcs, confirming the defect-rich
quasiperiodic structure of the ion-irradiated MoS..

The typical lamellar structure with interlayer spacing of 0.63 nm
can be observed from the HRTEM image of the ion-irradiated
MoS; nanosheets (Figs. 1(f)-1(h)). It is noted that the crystalline
lattice has been partly destroyed with the heavy ion irradiation.
Particularly, the existence of rich defects is revealed by the discon-
tinuous crystal fringes along the curled edge in higher irradiation
dose (Figs. 1(g) and 1(h)). Furthermore, these HRTEM images and
FFT patterns reveal the phase transition from 1T to 2H in the
ion-irradiated MoS, samples with distinct atomic arrangements
shown in Figs. 1(c) and 1(d). This phase transition is controllable
through the fluence of ion irradiation.

Figure 2(a) shows XPS spectra of as-prepared MoS, and ion-
irradiated MoS; with radiation fluence of 2 x 10" ions/cm? (MoS:-
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Figure 2 (a) XPS survey spectra, (b) Mo 3d and (c) S 2p of as-prepared MoS:
and MoS;-irra2.

irra2). Both of the XPS scans present the similar data indexed to be
elements of Mo, S and part of C and O in the samples. Figure 2(b)
shows two characteristic peaks of Mo 3ds, and Mo 3ds. orbitals,
located at 228.7 and 231.9 eV in as-prepared MoS:, as well as 229.6
and 232.9 eV in MoS;-irra2, suggesting the dominance of Mo" in
both samples. Besides, we can obviously observe that the ion
irradiation induces the phase of MoS; from 1T to 2H since the
position of the peak shifts to the left for about 0.9 eV as the previous
literature reported [10]. The conclusion of phase transition was also
confirmed by the Raman spectra of as-prepared MoS. and ion-
irradiated MoS; shown in Figs. S1(a) and S1(b) in the Electronic
Supplementary Material (ESM). Several specific peaks of 1T phase
in the region of ] disappear after ion irradiation, which implies the
occurrence of phase transition according to Eda and co-workers’
study [29]. Significantly, we find that MoS;-irral shown in Fig. S2
in the ESM is composed of 1T phase and 2H phase and MoS;-irra3
has 2H phase. The phase transform was induced by ion irradiation
[30]. Simultaneously, Fig. 2(c) shows that the spectra of sulfur
exhibit a single doublet with the 2ps;» peak located at 162.9 and
161.6 eV in as-prepared MoS;, 163.6 and 162.4 eV in MoS;-irra2,
respectively. All these can be indexed to —2 valence states of sulphur,
confirming the MoS; structure. Compositional analysis of MoS.
before and after ion irradiation (MoS,-irra2) can be estimated to be
Mo/S atomic ratio of 1:1.76 and 1:1.54, respectively. The obvious
decrease of sulfur atom ratio means sulfur vacancies occurrence in
the sample with irradiation [31]. Commonly, the increase of sulfur

vacancies may increase the HER performance of the relative sample.

Besides, the envelope of S 2p spectrum of MoS,-irra2 shows that
there are some amorphous molybdenum sulfides in the sample [29],
which is consistent with the result from HRTEM.

According to the experimental analyses, we schematize the whole
structure evolution of MoS; sample subjected to ion irradiation in
Fig. 3. Firstly, the highly crystalline bulk MoS, was chemically
exfoliated to transfer from multilayered 2H phase MoS; to few-
layered 1T phase MoS.. Secondly, the samples of 1T phase MoS.
were irradiated with different ion fluences. When the ion fluence is
low, the microstructure was transformed from single crystalline 1T
phase to partial 2H phase with polycrystalline and rare amorphous
regions (MoS;-irral). Radiation causes plenty of point defects such
as sulphur vacancies (marked in red circle) on the basal plane of
MoS;, which generate many dislocations and sub-grain boundaries [32].
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Figure 3 The schematic diagram of MoS; structure evolution by controlling
the C ion fluences. The blue is molybdenum, yellow is sulfur, purple is amorphous

molybdenum and grey is amorphous sulfur.

MoS,-irra3

Thirdly, more amorphous regions and sulphur vacancies appear with
the increase of ion fluence to 2 x 10'* jons/cm? (MoS;-irra2). This
moderate defect distribution will activate the basal plane of MoS. and
would no doubt enhance its HER performance. It is noting that,
nearly all 1T phase MoS: turns into 2H phase at this stage, which
largely improves the stability of MoS.. Finally, the further increase
dose of ion fluence to 5 x 10" ions/cm?* (MoS;-irra3) will produce
quantities of amorphous regions. This might deteriorate the HER
performance of MoS.. All these will be demonstrated in the following
HER measurements.

Figure 4 displays the polarization curves and the corresponding
Tafel plots of the different MoS, samples for HER. The kinetics of
HER can be illustrated by the relationship between the overpotential
and current density. Therefore, each plot was obtained according to
the simplified Tafel equation (1 = blog j + a), # is the overpotential,
j is the current density, a and b are the constants of the Tafel
equation, especially, b is defined as Tafel slope. The lower the Tafel
slope is, the lower the overpotential is required to achieve the same
current density and the higher the catalytic activity is. As seen from
Figs. 4(a) and 4(b), the catalytic performance of the exfoliated MoS.
(as-prepared MoS;) is much better than that of the bulk MoS.. The
result can be attributed to the two-electron transfer process of 1T
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Figure 4 (a) Polarization curves and (b) corresponding Tafel slope of bulk
MoS;, as-prepared MoS; and ion-irradiated Mo$S; with fluence of 5 x 10> cm™,
2x10%ecm™ and 5 x 10™ cm™; (c) the extracted double-layer capacitances of these
samples using a cyclic voltammetry method; (d) EIS Nyquist plots recorded on
different irradiation fluences with the potential of —0.423 V set at —0.2 V vs.
RHE. Inset is the equivalent circuit.
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MoS.. The similar phenomenon has been reported in the previous
literatures [12, 33]. It is worthy of noting that all of the MoS; specimens
irradiated with different fluences have better HER performance
than that of the exfoliated MoS.. The increase of active sites after ion
irradiation could mainly contribute to the better HER performance.
The radiation induced defects including sulfur vacancies involve
the formation of more active sites in the irradiated MoS, samples.
On one hand, the generated sulphur vacancies and amorphous on
the basal plane of MoS: could increase more active sites to improve
catalytic performance [6, 34], on the other hand, multi-layered
structure and phase transition restrain the HER performance
inversely [35]. Therefore, there should be a tunable irradiation fluence
to obtain an optimal hydrogen evolution performance. Figures 4(a)
and 4(b) illustrate the best catalytic performance of MoS;-irra2 with
an onset potential of 77 mV and Tafel slope of 66 mV/dec. Further-
more, this catalytic performance is comparable to the previous
reports of MoS; and its derivatives with different treatments (Table 1)
[9, 22, 31, 36-38]. The results conform to the microstructure evolution
and the balance between sulfur vacancy and amorphous. To study the
redox stability of MoS;-irra2, its polarization curves were measured
again after it swept for 4,000 circles in cyclic voltammetry shown in
Fig. S3 in the ESM. The results show that its HER performance has
declined by 12.4% and maintained a polarization curve similar to
the initial one [39].

To further explore the mechanism of the irradiated MoS catalytic
behavior, we performed cyclic voltammogrametry measurement to
obtain the double-layer capacitance (Ca), which is proportional to
the effective electrochemically active surface area (ECSA). The Ca
of these samples are investigated in 0.5 M H.SO. to provide a
relative comparison (Fig.S4 in the ESM). Capacitive current is
plotted as a function of scan rate to extract the Ca (Fig. 4(c)), whose
slope is equivalent to twice the value of Ca [40]. The Ca values are
calculated to be 45.74, 31.3, 12.95 and 5.27 mF/C? for MoS;-irra2,
MoS;-irra3, MoS;-irral and as-prepared MoS,, respectively. The
data illustrate that the MoS:-irra2 has the highest exposure of
catalytic active sites. Compared with MoS;-irra2, MoS;-irral shows
less active sites from amorphous MoS; and sulphur vacancies.
Nevertheless, there are more amorphous states than sulphur
vacancies in MoS;-irra3. Therefore, MoS;-irra2 presents the best HER
performance in this study. The ECSA is reduced in comparison
between MoS:-irra3 and MoS;-irra2 after further irradiation, indicating
that the excess amorphous MoS, phase may restrain the further
improvement of HER performance since excess amorphous MoS;
may contribute to reduced surface area and conductivity according
to previous literatures [13, 39, 40].

Besides, Fig. 4(d) shows the fitting of the Nyquist plot of MoS;
catalysts which was obtained by the electrochemical impedance
spectroscopy (EIS) measurement. The inset equivalent electric
circuit is an important model for the solid-liquid interface. The
constant phase element (CPE) was employed when fitting the plot.

Table 1 Comparison of HER performance of MoS; and other reported
catalysis
Onset . 1 (mV) at
Catalysts  potential 5 Tafel slope  Mass loadzl ng - current - peferences
(mV) (mV/dec) (mg/cm?) density ofz
10 mA/cm
MoS2/RGO ~ 80 41 0.28 ~ 150 [9]
MoS, 70 60 — 170 [22]
MoS: ~ 180 — — 620 [31]
MoS; ~95 46 0.28 160 [36]
MoS; ~ 400 104 — 520 [37]
Co/Mo$, ~70 82 — 210 [38]
This work 77 66 ~0.32 177
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The R; means the resistance of the solution and it is overpotential
independent about 8.5 Q). From this impedance data, we can get the
charge transfer resistance (R.) of each sample, which is ~ 350, ~ 100,
~ 45 and ~ 65 Q for the as-prepared MoS;, MoS;-irral, MoS;-irra2
and MoS;-irra3, respectively. The R is inversely proportional to the
hydrogen evolution reaction rate. The bigger the semi-circular arc
is, the larger the impedance is. Consequently, the MoS. catalysts
with lower R. always exhibit a lower interface reaction and better
performance [41]. It is clearly revealed that the R« of the sample MoS.-
irra2 has the smallest value of impedance, implying its efficient
charge transfer. This phenomenon agrees well with the low Tafel
slopes in Fig. 4(b). This is reasonable since moderate irradiation
may make more Mo atoms expose to enhance its conductivity while
both of a small quantity of irradiation and excess irradiation (i.e.,
MoS;-irral and MoS;-irra3) can cause the reduction of conductivity
due to the reduction exposure of Mo atoms.

Further insight into the existence and production of sulfur vacancy
on the basal plane of MoS; with different irradiation fluences, we
obtained the fingerprint information for a paramagnetic signal
from electron spin resonance spectra. The sulphur signal was achieved
at ~ 3,330 G which reflects the intensity of Mo-S dangling bonds
according to the previous reports [12, 42]. A lower intensity of
sulphur signal indicates higher concentration of sulphur vacancies.
We may conclude that the lower intensity of Mo-S dangling bonds
means the existence of sulfur vacancy as well as the more sulfur
vacancies. As it can be seen from Fig. 5, the bulk MoS: and exfoliated
MoS; show negligible sulphur signal due to the excellent crystallinity
and purity. To one’s excitement, the ESR intensities of irradiated
MoS; samples were 4.9, 6.5 and 13.2 a.u./mg for MoS,-irra2, MoS.-
irra3 and MoS-irral, respectively. It gives a strong support to address
that our ion irradiation method is feasible to introduce the sulphur
vacancies in the MoS, samples. It is a very significant evidence to
design the desirable vacancy for the other materials.

20
4 = Bulk MoS,

15+ = As-deposited MoS,
9 e MOS 5-irral

10+ e MOS 5-irra2

= MOS 5-irra3

ESR intensity (a.u./mg)

T v

L L
3340 3350
H(G)
Figure 5 The ESR spectra for MoS; samples. The sulphur signal was achieved at
~ 3,330 G and a lower intensity of sulphur signal indicates higher concentration

of sulphur vacancies.

1) L}
3320 3330 3360

4 Conclusions

The tunable sulphur vacancy is well introduced to the basal plane of
MoS; by ion irradiation. It is found that the ion fluence plays a
major role in improving the HER performance of MoS.. The different
ion fluences can tune the number of the sulphur vacancy and amor-
phous phase on the basal plane of MoS.. The ion-irradiated MoS.
upon the fluence of 2 x 10" ions/cm’exhibits the best HER perfor-
mance with an onset potential of 77 mV and Tafel slope of 66 mV/dec.
The experiments demonstrate more active sites caused by sulphur
vacancies from the basal plane mainly contribute to higher HER cata-
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lytic efficiency while more amorphous state restricts the perfor-
mance of MoS,. This effective and feasible approach of ion irradiation
provides a platform to introduce the desirable vacancy for the other
similar materials.
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