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In this work, we developed a simple and cost-effective hydrothermal route to regulate
the formation of molybdenum disulfide (MoS,) in different morphologies, like, nano-sheet,
nano-hollow-sphere and nano-flake structure by controlling the reaction temperature and
sulphur precursor employed. Such a fine tuning of different morphologies yields a leverage to
obtain novel shapes with high surface area to employ them as suitable candidates for
hydrogen evolution catalysts. Moreover, we report here the first time observation of MoS;
nano-hollow-sphere formation via hydrothermal route and characterized them by X-ray
diffraction (XRD), nitrogen adsorption and desorption by Brunaer—-Emmett-Teller (BET)
method, scanning electron microscopy (SEM), transmission electron microscopy (TEM),
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
and X-ray photo-electron spectroscopy (XPS) techniques. MoS, nano-spheres exhibits

superior activity towards hydrogen evolution reaction (HER) with a low over-potential 120



mV (RHE), accompanied by large exchange current density and excellent stability in 0.5 M
H,SO, solution.
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Introduction

Search towards efficient, cost-effective catalysts for the large scale production of
hydrogen gas is under immense scrutiny for the realisation of hydrogen based economy. The
existing catalysts of Pt group metals for the hydrogen evolution reaction (HER) are highly
efficient [1] but too expensive and their scarcity on earth make them not viable for mass
production. In this contest, replacing the expensive and rare catalysts with earth-abundant
materials attracts scientific curiosity toward making the hydrogen production more economic
and competitive [2]. In the recent past, many potential alternate catalysts have been
developed for HER which includes metal sulphides [3-7], selenides [8,9], borides [10],
carbides [10,11], nitrides [12-14]. Among all these alternatives, molybdenum disulfide
(MoS,) has received significant attention due to the earth-abundant composition and high
activity, leading to the development of various kinds of MoS,-based HER electrocatalysts in

the form of the crystalline [15-22] or amorphous nature [23-25].

MoS; belongs to a large family of two dimensional (2D) layered metal chalcogenide
materials. Similar to the graphene layers in graphite, individual sandwiched S-Mo-S layers
are held together by weak vander Walls interactions in hexagonally packed structures. Both
experimental [18] and computational [26] studies have concluded that the catalytic activity
arises from active sites located along the edges of 2D MoS; layers, while the basal surface are
catalytically inert. It is well known that the unsaturated sulphur atoms on the edges play a

crucial role in HER catalysis. Hence increasing the number of unsaturated sulphur atoms is



an efficient pathway to enhance the HER activity. Besides the aspect of active sites, the
electric conductivity of catalyst is another crucial factor to affect the electro-catalytic activity
because a high conductivity ensures a fast electron transport during the catalytic process [27-

30].

The rational design and construction of materials with structure-sensitive properties at
the nanoscale is extremely important in developing advanced nanomaterials. Novel properties
may arise when the size of a material is decreased to nanoscale and the dimensionality is
lowered, due to quantum confinement effect and edge effects [31,32]. Although MoS, has
been proved an exciting hydrogen evolution reaction (HER) catalyst but its activity is limited
by constrains in exposure of active edge sites, poor electrical transport and inefficient
electrical contact. As a result, tremendous efforts have been made to design and engineer the
structure of MoS, catalysts with exposed active sites. Moreover, the morphology and
distribution of the catalytically important edge sites of MoS, are found to be sensitive to
preparation conditions. In this work we highlighted a scalable pathway to accomplish the task
of engineering MoS; nano-shape which in turn manifests to expose more active sites. We
achieved this by designing a reaction with suitable Mo precursor along with sulphur source
during hydrothermal process in order to realize controllable morphology with more active
sites. We have employed both TEM and HAADF-STEM microscopic technique to uncover
the facts behind methodology tuned nanoscale morphology. Moreover the resultant MoS,
materials have been employed as electro-catalysts toward HER in 0.5 M sulphuric acid and
by using linear sweep voltammetry (LSV) technique to demonstrate the structure-activity

relationship.

2. Experimental Section



Sodium molybdate (Na;MoOg4; 98% purity) from Sigma Aldrich, Thioaceteamide
(CH3CSNH_; 98% purity) from Merck, Thiourea (HoN-CS-NH2; 99% purity) from Sigma
Aldrich, Nafion from Sigma Aldrich, Hydrochloric Acid, Ethanol were analytical grade and

used without further purification.
2.1 Materials Preparation

Sodium molybdate (Na,MoQO,; 98%) 10 m.mol and Thioaceteamide (CH3CSNHy;
98%) 30 m.mol were dissolved in 50 mL of deionized water. Then, 10 mol/L HCI was
dropped into the solution and stirred well to adjust the pH value to 1. After ultrasonic
dispersion for about 30 min, the solution was transferred into a 100 ml Teflon-lined stainless
steel autoclave and heated at a temperature 200 °C (named as S01), 240 °C (named as S02)
individually for 36 hours. After cooling to room temperature, the resulting precipitates were
collected by filtration, rinsed with copious amounts of deionized water and further heat-
treated at 400 °C for 2 h in a Quartz tubular furnace with flowing argon gas atmosphere

(99.99%). Both the heating and cooling rate were set as 5 °C min™.

In another process, 0.05 mol of sodium molybdate (Na;MoO,; 98%) was added into
40 mL deionized water and stirred until it dissolved completely. Next, 0.15 mol thiourea
(H2N-CS-NH,; 99%) was added into the above mixture and a milky white suspension was
obtained after 2 hours of vigorous stirring. Then, the suspension was transferred into a 100
mL Teflon-lined autoclave and the temperature was maintained at 240 °C for 36 h (named as
S03). The final product was rinsed three times with deionized water and ethanol, after that the

sample was dried at 60 °C for 10 h.

2.2 Characterisation of MoS, materials

The crystalline nature of the different MoS, materials were examined by powder X-

ray diffraction (XRD) measurements using a PAN Analytical X' Per PRO Model X-ray



Diffractometer with Cu K,, radiation (A = 1.5418 A) from 10° to 80° at 0.02° step and a count
time of 0.2 s. N, sorption isotherm for determining BET surface area and BJH pore size
distribution was measured (Quantachrome Instruments NOVA 4000e) at 77 K. The X-ray
photoelectron analysis (XPS) was performed with an Axis Ultra DLD (Kratos Tech.). The
spectra were excited by the monochromatized AlKa source (1486.6 e.V) run at 15 kV and 10
mA. For the individual peak regions, a pass energy of 20 eV was used. Survey spectrum was
measured at 160 eV pass energy. Analyses of the peaks were performed with the CasaXPS
software, using a weighted sum of Lorentzian and Gaussian components curves after
background subtraction. The binding energies were referenced to the internal C 1s (284.9 eV)
standard. The field-emission scanning electron microscopy (FE-SEM) was performed on a
Carl Zeiss AG Supra 55VP with an acceleration voltage of 5-30 kV. Nanostructure
morphology and compositional studies were performed by conventional transmission electron
microscopy (TEM), in a FEI Tecnai T20 operated at 200 kV. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and corresponding energy-
dispersive spectroscopy (EDS) mapping analyses was performed on a FEI Tecnai F30

operated at 300 kV with a spherical aberration corrector.
2.3 Electrochemical Measurements

Electrochemical measurements were performed in a three-electrode system at an
electrochemical work station AUTOLAB potentiostat (model PGSTAT 302N). Typically,
2.37 mg of MoS; powder was dispersed in 0.5 mL of a solution composed of 4:1 (v/v)
distilled water and ethanol containing 0.5% (w/w) Nafion by sonication for 1 h to form a
homogeneous slurry. Then 3 ul of the slurry was added on the surface of glass carbon
electrode with 3 mm diameter (loading ca. 0.2 mg cm™?). Linear sweep voltammetry with

scan rate of 2 mV s was conducted in 0.5 M H,SO4 (purged with pure N) using saturated



calomel electrode (SCE) as the reference electrode, a graphite rod as the counter electrode.

All the potentials were calibrated to a reversible hydrogen electrode (RHE).

3. Results and Discussions

3.1 Influence of reaction condition and precursor on MoS, formation

The synthesized electro catalysts have been characterized by X-ray diffraction in order to
understand the formation of the MoS; material. Figure 1 shows the XRD patterns of the three
different samples prepared in this work. The figure clearly indicates that the MoS, prepared
from sodium molybdate and thioacetamide precursor at 200 °C (i.e., S01) displays a single
peak in XRD positioned at 20 value of 15° which corresponds to (002) plane of MoS, sample
(JCPDS card number 37-1492) due to insufficient crystallization under this temperature.
However, the MoS, prepared from same set of precursor but at 240 °C posses well defined
diffraction peaks at 26 values ca. 15°, 32°, 40° and at 60° corresponds to (002), (100), (103)
and (110) planes and matches well with the values of JCPDS card number 37-1492 [33]. In
case of SO2 sample, the occurrence of high intensity peaks including (002) when compared to
S01 shows that the formation of a crystalline hexagonal form of MoS, with a well-stacked
layered structure requires a temperature of 240 °C during hydrothermal process. It proves the
fact that temperature plays an important role in determining the crystalline nature of MoS,
nano-material. Similarly, S03 material synthesized using different sulphur precursor ca.
thiourea but with identical temperature conditions of 240 °C produces well defined diffraction
peaks at their respective 20 values as shown in Fig.1. Therefore, from the above observations
it can be understood that the formation of MoS, from sodium molybdate and thioacetamide or

with thiourea precursor requires a temperature of 240 °C.

3.2 Morphological differences of MoS, materials



Figure 2 shows the FE-SEM images of the three different MoS, materials prepared in
this work. It is clear that each sample possess its own intrinsic morphology, for example the
S01 catalyst shows a thin sheet like morphology where as the S02 material posses sphere like
structure with 10 to 100 nm diameter. Moreover, it can be clearly seen that few of the
damaged sphere walls indicates that spheres are made up of hollow inner space. Such type of
MoS;, material with a morphology composed of nano-hollow-sphere has not been reported
earlier to the best of our knowledge. Unlike S02, the SO3 catalyst displayed a single MoS;
flake with few hundred nm in length. It is demonstrated that even though all the three
catalysts prepared through hydrothermal procedure but with a slight variation in temperature
and precursor type could lead significant alterations in the resultant nano-structures and

morphologies.

TEM analysis were performed on the three type of catalysts prepared in this work are
presented in Fig. 3. When the synthesis temperature is as low as 200 °C (S01), structures of
not-well developed shapes made up of obscure edges can be obtained, indicating the
insufficient crystallization under this condition (Fig 3A& B). In contrast to this while at 240
°C (S02) synthesis temperature with the same composition of precursors, a well developed
spheres with a wall thickness of 5-10 nm were obtained as shown in Fig 3C & D. However,
the change in sulphur source from thioacetamide to thiourea under identical experimental
conditions (S03) yields curled flakes like structure as shown in Fig 3E. Moreover, as shown
in Fig 3F, the calculated lattice space value of 0.29 nm from TEM is in good agreement with
a value of 0.27 nm calculated from XRD and corresponds to (100) plane. The curled flake
like structure may possess internal voids and cavities that could be the reason for the
observed high BET surface area value of 36. 2 m?/g when compared to 28.5 m?/g obtained for
(S02) MoS, sample (see support information Fig S3 and Table S1). In case of both (S02) and

(S03) catalysts, the observed BET surface area values are ~3 times higher than the value 10.6



m?/g observed for a ball-milled Micro-MoS; in a high-energy planetary mill with stainless
steel balls as milling media [34].

Furthermore, the high angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and EDS mapping analysis has been already employed on
oxygen enriched layered MoS, very recently [35]. This method is capable of providing
information regarding the elemental distribution on a given three dimensional structure and
was carried out on SO2 sample in order to examine whether the sphere is composed of empty
space or filled with active MoS, material. Figure 4A & B represents the HAADF-STEM
image and its corresponding EDS mapping depth profile from sampling spot A to B as
marked in the figure. It is interesting to note the EDS mapping of Mo and S elements which
proves clearly that the elements are seen abundant and enriched selectively on walls of the
sphere. In contrast to this the inner volume of the sphere is left as hollow space (similar to
empty egg-shell type structure) as shown in images Fig. 4C, D and E. It is worth to mention
here that similar observation of hollow nano-structure formation of carbon materials through
hydrothermal method has been reported recently by Titirici group [36]. Moreover, in our
method, thioacetamide plays a role of reducing agent and sulphur donor during the whole
hydrothermal process, in which thioacetamide releases H,S as a sulphide source as well as a
reducing agent, resulting in the reduction of MoO4>~ precursors to MoS,. The reaction routes

for the synthesis of MoS; by thioacetamide could be expressed as follows [37]:

2 CH3CSNH; + 4 H,0 — 2 CH3COOH + 2 NH3 + 2 H,S ---(R1)

4 M004* + 9 HyS + 6 CH3COOH — 4 MoS; + SO,% + 6 CH;COO™ + 12 H,0 ---(R2)

3.3 XPS studies on MoS, materials



In order to investigate the chemical composition of the synthesized MoS; material,
XPS analyses were carried out. Fig. 5 shows spectra of the Mo 3d core level for the prepared
samples. Mo 3ds/, peaks around 229.5 eV and Mo 3ds, peaks around 232.5 eV are the most
important features in S02 and SO03 spectra suggesting that the dominant oxidation state
present in these samples is Mo*" [16]. Only traces of Mo®* are observed in SO3 spectrum
while in S02 spectrum peaks related to Mo®" and Mo>* are present . On the other hand,
sample SO1 shows the presence of more than 60 at. % of Mo®" and up to 9 at.% of Mo>* (see
Table S2) clearly showing that at a hydrothermal reaction temperature of 200 °C
thioacetamide  does not carry out the complete reduction of the precursor. Such
circumstances leads to the formation of MoS; with insufficient crystallization as discussed in
previous section. On the other hand in case of S02, at a reaction temperature of 240 °C with
same composition of Na;MoO, and thioacetamine MoS;, was obtained which is evidenced
from the strong peaks observed at 229.1 and 232.1 eV as shown in Fig. 5B. However, still the
presence of significant quantity of Mo®* in this material (18 at.%) proves the presence of un-
reduced precursors even under this condition. It is worth to note that the MoS, material
prepared by employing thiourea precursor at 240 °C (S03) shown only a trace amount of
Mo®" state in Fig. 5C. It proves that thiourea effectively performs the reduction process as

explained in above equations R1 and R2.

Figure 6 represents the XPS typical peaks for S 2p region of MoS, samples studied in
this work. It can be seen that the S 2p region is also influenced by the nature of the method
employed for the preparation of MoS, materials. For the chemical state of S* in MoS, spectra

shows a doublet with S2ps, peak at 162.3 eV [Britt A. Vanchura , Pingang He , Valentyn

Antochshuk , Mietek Jaroniec ,* Amy Ferryman , Dmytro Barbash , Julia E. Fulghum , and Songping D.

Huang, J. Am. Chem. Soc., 2002, 124 (41), pp 12090-12091]. These doublet, 162.5 and 163.7 eV for

S2pa;2 and S2py; respectively is the main feature in S03 (Fig. 6C), with just traces of SO,*



showed by the presence of a doublet at 169,9-170.1 eV [J. Baltrusaitis, C. R. Usher and V. H.
Grassian, Physical Chemistry Chemical Physics, 2007, 9, 3011-3024.]. Besides these two chemical
environments for S, sample S02 also presents sulphur as terminal S* and/or S,* showed by
the presence of peaks at 162.9 and 163.4 eV (Fig. 6B) [T.-W. Lin, C.-J. Liu and J.-Y. Lin, Applied
Catalysis B: Environmental, 2013, 134-135, 75-82]. In sample SO1 this last chemical environment

became predominant as can be seen in Fig. 6A.

3.4 Electrochemical hydrogen evolution studies on MoS; catalysts

The electrochemical studies were carried out by employing linear sweep voltammetry
technique at a scan rate of 2 mV s in nitrogen saturated 0.5 M H,SO, electrolyte solution.
Figure 7A shows the comparison of LSV curves recorded for all three MoS, catalysts
prepared in this work and also for a Pt electrode studied in the potential range from + 0.2 V to
- 0.4V (RHE). All the measurements were carried out at a constant MoS; loading of 0.2 mg
cm™. As shown in Fig.7A, among the MoS, materials, nano-hollow-sphere (S02) catalyst
posses much lower onset potential than nano-sheet (SO1) and nano-flake (S03) MoS;
catalysts. Among all, (S02) nano-hollow-sphere MoS, exhibits the lowest on-set value of 120
mV, suggesting the superior HER activity. Cathodic current density is considered as an
important evaluating criterion for HER activity. As shown in Fig 7B, S02 exhibits
significantly large cathodic current density with a moderate Tafel slope value when compared
with other two types of MoS, catalysts studied in this work. Three principle steps for
converting H* to H, have been proposed for HER in acidic medium on a Pt surface [38, 39].

The first is a primary discharge step (i.e., Volmer reaction, equ 1)

H3O" + € — Hags + H20 (1)



Followed by the primary discharge step, the electrochemical desorption step (i.e., Heyrovsky

reaction, equ 2) or recombination step (i.e., Tafel reaction, equ 3) may be involved
Hags + H30+ +e — Hy+ H0O ---(2)
Hads + Hags — H2 "'(3)

Tafel slope is an inherent property of electrocatalysts that is determined by the rate-
limiting step of HER. Under a specific set of conditions, when the Volmer reaction is the
rate-limiting step of HER, a slope of 120 mV decade * should be observed, whereas if
Heyrovsky or Tafel reactions act as the rate-limiting step, Tafel sloes of 30 and 40 mV

decade ™

can be obtained respectively [38, 39]. For a complete HER process, combinations
of steps, i.e., Volmer-Heyrovsky or VVolmer-Tafel mechanism, should be involved to produce
molecular hydrogen. Although the HER mechanism for MoS; still remains inconclusive due

! were observed for

to the reaction complexity, the Tafel slope of 124, 102, 148 mV decade -
our MoS; catalysts S01, SO02 and SO3 respectively as shown in Table 1. These values are
indeed very close to the value of 140 mV decade ™ reported for a CVD grown single layer

MoS; coated glassy carbon electrode for HER reported very recently [40].

A comparison of the exchange current densities (jo), Tafel slopes and onset potentials
of various molybdenum sulphide catalysts investigated in the literature reports is shown in
Table 1. One can see that MoS; nano-hollow-sphere (S02) catalyst prepared in this work
shows much larger exchange current density, smaller onset potential along with a moderate
Tafel slope among the pure MoS; catalysts. It can be inferred that there are more active sites
in the nano-hollow-sphere MoS, catalyst due to the sphere structures, which can generate a
larger current at low over-potentials and make it reach the critical value at a more positive
over-potential. However, higher intrinsic electric resistance between the interlayers of the

MoS; spheres limits the electron transfer, resulting in a larger Tafel slope compared to



layered MoS; materials as shown in Table 1. It is worth to mention here that few attempts
have been already pursued to overcome the poor conductivity of the material by the
introduction of Au [18, 20] and carbon materials [42, 43] which attests better electrical
conductivity leads improved electron transfer which in turn reducing the Tafel slope values.
However, it must be noted that the MoSx catalyst without any additions still shows a much
lower Tafel slope, probably attributed to the rich S edges, but the exact definition of active
sites for these amorphous structures is still not very clear [20, 24]. Besides the HER activity,
stability is another significant criterion to evaluate an advanced electrocatalyst. To investigate
the stability in acidic environment, long-term cycling stability of nano-hollow-sphere MoS,
(S02) is investigated by performing continuous cyclic voltammetry (CV) between - 0.3 and
0.1 V [RHE] at 50 mV s™. A negligible difference was observed between the LSV curves
measured at the initial cycle and after 1000 cycles of CV operation, suggesting the excellent
durability of nano-hollow-sphere MoS; (S02) catalyst during long-term cycling.

Conclusions

In summary, we have synthesized an efficient MoS; catalyst with a controlled nano-
hollow-sphere by controlled hydrothermal reaction between sodium molybdate and
thioacetamide precursors at 240 °C. The structure of the nano-hollow-sphere MoS, has been
confirmed by FE-SEM, TEM and HAADF-STEM analysis. This specific structured MoS,
presents excellent catalytic performance for HER. The significant enhancement of catalytic
activity of nano-hollow-sphere when compared with other two shapes prepared in this work
is attributed to the abundance of exposed edge sites. The improved performance of this
catalyst towards HER is evidenced by the small overpotential of ~120 mV and a moderate
Tafel slope when compared with other MoS, materials studied in this work. The construction

of structure-sensitive nano-materials with enhanced HER activity provide a feasible way to



design and engineer advanced nanostructures for catalysis, solar-water splitting devices and
other potential applications.
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Figure Captions

Figure 1: XRD patterns of the MoS, products obtained from various methods as indicated in

the figure.

Figure 2: FE-SEM images of MoS, samples with (A) S01, nano-sheet morphology, (B) S02,

nano-hollow-sphere morphology and (C) S03, nano-flake morphology respectively.

Figure 3: TEM images of MoS, samples with (A, B) S01, nano-sheet morphology, (C, D)

S02, nano-hollow-sphere morphology and (E, F) S03, nano-flake morphology respectively.

Figure 4: (A) HAADF-STEM image of a selected nano-hollow-sphere of S02 sample, (B)
corresponding EDS elemental depth profile measurement, (C) HAADF-STEM image of a
selected nano-hollow-sphere and (D, E) corresponding EDS mapping images proves the
structure is a hallow-bubble and both molybdenum, sulphur are enriched in the skin of the

bubble.



Figure 5: Curve fitted XPS peaks for Mo atoms in various MoS, samples (A) S01; (B) S02

and (C) S03 prepared in this work.

Figure 6: Curve fitted XPS peaks for S atoms in various MoS, samples (A) S01; (B) S02 and

(C) S03 prepared in this work.

Figure 7: (A) Polarization curves and (B) corresponding Tafel plots of various MoS;

materials as shown in the figure.

Figure 8: Polarization curves revealing that negligible degradation of HER activity is

observed for nano-hollow-sphere MoS, (S02) material even after 1000 CV cycles.

Table 1: A comparison of the exchange current density (jo), Tafel slopes and onset potentials
reported for various MoS; catalysts.

Catalyst On-set potential jo Tafel slope  Reference
(- mMV/RHE)  (Alcm’geometric)  MV/decade

MoS, on Au(111) - 3.1x 10" 55-60 18
MoS; - 4.6x10° 120 41
MoS; - - 53-65 24
MoS; on carbon nano- 100 -- 41 42
spheres

MoS,/MWCNT 150-200 4.0x10° 109 43
MoS; on Au 90 9.3x10° 69 20
MoS; - 2.2x10° 105-120 44
MoS; grown on glassy 300 1.6 x 107 142 40

carbon electrode

MoS, Nano-sheets- S01 160 7.9x107 124 This work




MoS, Nano-hollow- 110 5.0x 10° 102 This work
spheres- S02

MoS, Nano-flakes- S03 100 2.8x10° 148 This work
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