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(Quasi-)Amorphous molybdenum sulfide (MoSx) materials with disulfide (S2
2�) units have

superior catalytic activities for hydrogen evolution reaction. However, the structures of the

materials are less investigated and diversified. Herein, we first develop a new ethanol-

thermal method to prepare MoSx and further apply versatile confined growth treatment

with low-cost filler crystallites to efficiently modify its structure and consequent perfor-

mance. Expectedly, because the material is quasi-amorphous and very deformable, its

morphology varies dramatically from granules to foam-like material with specific surface

area increases from 22.53 m2/g to 76.24 m2/g under the restriction of confined spaces.

Importantly, the amount of S2
2� units which are responsible for the distinction of MoSx

increases as well. By virtue of the confined growth, the catalytic performance of the orig-

inal material on hydrogen evolution is improved significantly. The over-potential required

to obtain 10 mA cm�2 current decreases remarkably from 278 mV to 209 mV and the Tafel

slope decreases from 160 mV/decade to 72 mV/decade after confined growth. Therefore, we

have proposed an effective method to synthesize and promote the catalytic performance of

MoSx.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Molybdenum sulfide materials have been recognized as

promising non-precious hydrogen evolution reaction (HER)

catalysts that are theoretically comparable to platinum.

Among molybdenum sulfide catalysts, (quasi-)amorphous

molybdenum sulfide (MoSx) [1e6] exhibits superior activity to

its high crystalline counterpart partially due to the boosting

number of exposed active sites from the original inert basal

plane [7e9] and the unique disulfide (S2
2�) units [9e12] in MoSx

which are confirmed to be effective active sites for hydrogen

evolution. Here, MoSx is used to describe molybdenum sulfide

materials which have slight or no crystallinity and also have
ons LLC. Published by Els
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characteristic S2
2� units. By far, MoSxmaterials are prepared by

electrodeposition [13,14], photochemical reduction [15], ther-

molysis [11,16,17], and wet-chemical/hydro-thermal [3,18e21]

methods. However, possibly due to the (quasi-)amorphous

property, the structures of thematerials are pretty simple and

not enriched. Since structures of materials are critical to their

performances, it is of good necessity to diversify the struc-

tures of the promising MoSx materials.

In nature, the controllable formation of bio-minerals via

amorphous materials in confined space is a principle utilized

by organisms to produce tissues with sophisticated internal

shapes and morphologies [22,23]. Thanks to the amorphous

status without much anisotropy or preferred pattern, the

precursors or final bio-minerals can be precisely molded into
evier Ltd. All rights reserved.
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enormous shapes easily. The complex amorphous bio-silica

structure in diatom [24] and the aragonite tablets restricted

by organic frames in the nacreous layer of mollusk shell [25]

are typical examples of the principle. Though confined envi-

ronments in templates have also been extensively used to

prepare crystalline molybdenum disulfide (MoS2) materials,

the anisotropy of the crystalline materials may impede the

continuous replication and full utilization of the confined
Fig. 1 e Morphologies of molybdenum sulfide (MoSx) materials: (

with filler crystallites; (b, c) SEM images of originally prepared u

growth; (f, g) SEM images of MoSx from finely confined growth w

will change its shape and become rather uniform after confined
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spaces in sophisticated templates as implied by the poor

spatial replication quality or non-continuous states of the

final products [26e28]. However, researchers have replicated

confined spaces in delicate biogenic and artificial structures

successfully by virtue of deformable amorphous calcium

carbonate which can penetrate deeply to form intimate con-

tacts [29,30]. Now that the MoSx materials also only have

limited anisotropy and are highly deformable, intuitively, it is
a) Schematic representation of the confined growth of MoSx

nconfined MoSx; (d, e) SEM images of MoSx from confined

ith grinded filler crystallites. The previous granular product

growth.
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worth trying to apply confined growth principle to prepare

those materials. Furthermore, confined conditions are known

to influence the nucleation, growth and ultimately qualities of

target materials [31e34]. Hence, it would be meaningful to

modify and enrich the morphologies and structures of MoSx
materials with more active sites and consequently increasing

efficiencies by confined growth.

Previously, graphene-protected 3D Ni foam [35], conduc-

tive graphene-carbon nanotube hybrids [36], and polystyrene

particles were deposited with MoSx [37] to produce catalysts

for hydrogen evolution. Though the substrates/templates

could improve the activity and possibly stability of MoSx, the

spaces in the substrates/templates were less confined and the

preparation of the substrates/templates and/or the introduc-

tion of MoSx were relatively complicated. Therefore, simple

methods and inexpensive templates with readily available

confined spaces that could be utilized to synthesize and

regulate the MoSx materials were highly desirable for the

promotion of the promising MoSx catalysts.

In this work, we first develop a new ethanol-thermal

method to prepare MoSx and then use ubiquitous sodium

chloride as filler crystallites (Fig. S1) to create confined spaces

to further regulate the growth of MoSx (Fig. 1a). Two common
Fig. 2 e Transmission electron microscopy (TEM) images and s

materials: (aec) from originally unconfined growth; (def) from c

finely confined growth with grinded filler crystallites.
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reactants sodium molybdate dihydrate and thiourea are

applied to grow MoSx by ethanol-thermal method. Since so-

dium chloride filler crystallites do not dissolve in ethanol, a

large number of filler crystallites are added to thoroughly

disperse the tiny amount of reactants suspension, namely, the

suspension exists only in the cavities between/among the

filler crystallites. After reaction, the regulated MoSx abound

among the filler crystallites is harvested by dissolving the filler

crystallites with water. Owing to the regulation of the

confined spaces between/among filler crystallites, the

morphology and performance of MoSx alter markedly as ex-

pected with specific surface area increases ~3 folds, and the

overpotential to reach 10 mA cm�2 current for hydrogen

evolution decreases by 69 mV.
Results and discussion

The morphology of the as-prepared original MoSx is mostly

granular (Fig. 1b and c). However, when sodium chloride

crystallites are introduced as filler crystallites to separate and

lock the reaction suspension, MoSx would grow between/

among the filler crystallites and as a result of this, the
elected area electron diffraction (SAED) patterns of MoSx

onfined growth with regular filler crystallites; (gei) from
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Fig. 3 e Deconvolution of XPS high resolution scans: Mo 3d

(left) and S 2p (right) regions of (a) originally prepared MoSx;

(b) MoSx from confined growth; (c) MoSx from finely

confined growth.
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morphology of the final product is regulated by the confined

spaces. The previous particle-like shape disappears and the

obtained MoSx shows a uniform structure (Fig. 1d and e). In

order to further check the validity of the confined growth

method, the as-bought sodium chloride crystallites are grin-

ded into smaller particles (Fig. S1) to produce finer confined

spaces for MoSx growth. Predictably, the product become

more uniform but with only slightly reduced feature size

because the mortar-pestle-grinded filler crystallites are just a

little smaller than the as-bought ones (Fig. 1f and g; Fig. S1).

Accordingly, by confined growth with filler crystallites, the

originally grown MoSx can be modified successfully.

The poor crystallinities of the three types of products are

indicated by selected area electron diffraction (SAED) in

transmission electron microscopy (TEM). From TEM images,

the originally grownMoSx demonstrates granularmorphology

consisted of disorderly packed nano-sheets and/or atoms

(Fig. 2aec), whereas the two kinds of MoSx from confined

growth are foam-like materials formed by randomly packed

nano-sheets and/or atoms (Fig. 2dei). Because of the messy

arrangement of the nano-sheets and/or atoms as implied by

the scattered nano-sheet layers/fringes (Fig. 2 c, f, i), the SAED

patterns of the three kinds of MoSx materials are blurry

broadened rings which indicate the poor crystallinity of the

materials (Fig. 2a, d, g, insert). In addition, all the powder X-ray

diffraction (PXRD) patterns further confirm that the materials

are poorly crystalline (Fig. S2) and the pattern of the originally

grown MoSx (Fig. S2a) is even consistent with the reported

patterns of amorphous molybdenum sulfide materials [18].

The two types of MoSx grown from confined spaces have

similar patterns which are different from that of originally

grownMoSx. Emerging peaks around 22
�
(Fig. S2b, c) of the two

MoSx materials from confined growth may be originated from

the bundle-like assemblies of nano-sheets (Fig. 2e, f, h, i).

Therefore, MoSx of low crystallinity is synthesized and effi-

ciently regulated by confined growth method.

The chemical states of molybdenum and sulfur are

checked by X-ray photoelectron spectroscopy (XPS). The

curves from the high resolution scans in Mo 3d and S 2p re-

gions of the three types ofMoSxmaterials demonstrate similar

features. All the three Mo 3d spectrums are deconvoluted into

an S 2s peak and four Mo 3d peaks (Fig. 3 left; Table S1). The

two Mo 3d peaks of the lowest and the third lowest binding

energies can be assigned to Mo4þ centers in MoSx. The peak at

the second lowest binding energy may be attributed to Mo4þ/
Mo5þ inMoSxOy while the onewith the highest binding energy

should be due toMo6þ inMoO3which is possibly introduced by

oxidation during sample preparation as also reported by

others [3,36]. In addition, each characteristic broad S 2p

spectrum can be best fitted with two doublets (Fig. 3 right;

Table 1). The doublet at lower binding energy arises frombasal
Table 1 e Quantification of XPS data of MoSx materials.

Samples S2� (eV) S2
2� (eV) S2

2� 2p3/2

2p3/2 2p1/2 2p3/2 2p1/2

MoSx 161.63 162.81 163.01 164.27 1

MoSx-confined 161.74 162.92 163.09 164.32 2

MoSx-finely confined 161.83 163.09 163.28 164.52 2

Please cite this article in press as: Chen L, et al., Versatile synthesis of
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plane and apical S2� while the doublet at higher binding en-

ergy is related with the existence of bridge and terminal S2
2�.

The Mo/S ratios and S2
2� proportions quantified from XPS re-

sults are increasing after confined growth (Table 1). Accord-

ingly, all the samples have the typical sulfur chemical states

and the proportions of the S2
2� units can be adjusted by

confined growth.

Since the reactant suspensions and subsequent products

are separated and locked by filler crystallites, it is natural to

believe that the MoSx materials grown from confined spaces

will have increased specific surface areas. In fact, results of

the nitrogen adsorption-desorption tests by the Bru-

nauereEmmetteTeller (BET) method are in evidence (Fig. 4a).

The specific surface areas of the two types of MoSx grown

from confined spaces are 63.16 m2/g and 76.24 m2/g respec-

tively while the value for originally grown MoSx is only

22.53m2/g. Moreover, very possibly, the specific surface areas

may reach even higher values by growing the material in

finer and finer confined spaces. Besides the specific surface
/(S2� þ S2
2�) S2

2� 2p1/2/(S
2� þ S2

2�) S2
2�/(S2� þ S2

2�) S/Mo

6.0% 8.5% 24.5% 2.48

2.3% 11.4% 33.7% 2.71

4.1% 12.2% 36.3% 2.75
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Fig. 4 e Surfaces areas of MoSx materials: (a) Nitrogen

adsorptionedesorption isotherms of originally grown

MoSx (black line), MoSx from confined growth with regular

filler crystallites (red line) and from finely confined growth

with grinded filler crystallites (blue line); (b) The double

layer capacitances (directly proportional to effective

electrochemical surface areas) of the three types of MoSx

materials. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version

of this article).
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areas, effective electrochemical surface areas are measured

by cyclic voltammograms (CVs) method [38e40]. Half values

of the differences between the anodic and cathodic current

densities (DJ/2) at the middle of CVs are plotted as a function

of the scanning rate (Fig. 4b; Figure S4). By linear fitting,

double layer capacitances obtained from the slopes of the

fitting curves are 15.24, 41.78, 48.97 mF/cm2 for original,

confined and finely confined samples respectively. Because

of the fact that double layer capacitances are directly pro-

portional to effective electrochemical surface areas, the

samples actually gainmore effective electrochemical surface

areas after confined growth which may also be responsible

for the boosting performances. Hence, the MoSx can accom-

modate and replicate the confined structures to some degree

to expose more surface areas.
Please cite this article in press as: Chen L, et al., Versatile synthesis of
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Without filler crystallites, during the reaction the nuclei

come into being randomly and then atoms may assemble

haphazardly into loosely packed nanosheets or aggregates to

produce the granular MoSx. When a large number of filler

crystallites are used, the suspension liquid will only exists in

the cavities between/among filler crystallites by osmotic

pressure just like a tiny amount of water held by a lot of dry

sand particles. Under the same reaction condition, the

nucleation and the mass transportation will become rather

difficult. Consequently, only reduced number of nuclei will

form because of the high energy barrier and the nuclei may

grow at a relatively low speed taking the impeded mass

transportation into consideration [31e34]. Apparently, less

nuclei and slow growth rate result in locally better packed

materials but surrounded by a larger quantity of more

randomly packed materials. Since the materials intrinsically

tend to be amorphous, the improvements in crystalline

qualities are limited and thanks to the poor crystallinities, the

anisotropies of the materials are negligible and the materials

do not grow into specific faceted shapes and will yield to the

confinement of the filler crystallites. Due to the fact that the

sizes of the confined spaces and the amount of locked sus-

pension are limited, the MoSx will sprawl among the confined

spaces with restricted sizes. As a result, the granular product

become foam-likematerialswith bulges after confined growth

as revealed by TEM images (Fig. 2a, d, g). We suppose the

foam-like morphology decorated with bulges may be caused

by the growth in different kinds of confined spaces formed by

filler crystallites, like the thin areas may grow from the

confined spaces between two closely contact flat faces of filler

crystallites while the bumps grow from spaces between rough

surfaces or among obliquely aligned crystallites. In short,

confined spaces can regulate the structures and also locally

influence the qualities of the final products especially when

the products are less crystalline.

Owing to the modified morphology and increased surface

areas, it is expected that the MoSx from confined growth will

exhibit upgraded catalytic activities. The three types of MoSx
materials are applied to catalyze the hydrogen evolution re-

action in 0.5 M sulfuric acid solution with a classical three-

electrode setup. From the polarization curves, the two MoSx
catalysts modified by confined growth hold over-potentials at

10 mA cm�2 current of 215mV and 209mV respectively which

are both remarkably lower than the corresponding 278 mV of

their counterpart non-confined growth catalyst (Fig. 5a) and

are also quite competitive among the performances of MoSx
materials prepared by the convenient wet-chemistry or sol-

vothermal methods (Table 2). Tafel slopes are fitted according

to the polarization curves and the also obvious discrepancies

(160 mV/decade Vs. 72 or 76 mV/decade) support the distinc-

tion of the catalysts from confined growth (Fig. 5b). Moreover,

the much smaller impedances of MoSx materials from

confined growth ensure their faster hydrogen evolution re-

action kinetics (Fig. S5). The data of the three samples can be

fitted with the same equivalent electric circuit (Fig. S5, inset).

In the model, Rc and CPE1 represent the contact between the

glass carbon electrode and the catalyst, Rm stands for the

electronic resistance of the catalyst, and Rct is attributed to the

charge transfer resistance [41]. Based on the fitting result, the

Rct seems mainly count for the differences between non-
molybdenum sulfide from confined spaces for efficient hydrogen
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Table 2 e HER performances of typical MoSx materials
prepared by wet-chemistry or solvothermal methods.

Samples Over-potential
to achieve
10 mA cm�2

current (mV)

Tafel slope
(mV/decade)

Ref

MoSx from confined

growth

209e215 72e76 This work

Wet-chemical-

synthesized MoSx

198e204 53 to 65 Ref. [3]

Carbon-based MoSx 202e225 50e78 Ref. [20]

MoS3/multi-walled

carbon nanotubes

210e225 40e57 Ref. [21]

MoS2.7 @ nanoporous

gold

~220 41 Ref. [27]

MoSx grown with/

without

polystyrene

particles

202e245 48e87 Ref. [37]

MoSx on pretreated

carbon fiber paper

205e231 46e50 Ref. [39]

Fig. 5 e Hydrogen evolution reaction performance: (a)

Polarization curves of the originally prepared MoSx,

confined and finely confined MoSx, (b) Tafel plots of the

three types of materials and the dash lines are the

corresponding linear fitting of the plots.
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confined and confined samples (Table S2). Since disulfide (S2
2�)

units are proved to be active sites inMoSxmaterials [9e12], the

increasing proportions of disulfide units (Table 1) after

confined growth calculated from XPS data may contribute to
Please cite this article in press as: Chen L, et al., Versatile synthesis of
evolution, International Journal of Hydrogen Energy (2017), https://d
the outstanding performances of confined growth samples.

Actually, direct post-thermal-treatment to anneal the as-

prepared MoSx together with regular filler crystallites will

weaken the catalytic activities of materials (Fig. S6) possibly

due to the decreasing S2
2� units and/or increasing crystallin-

ities [9,42]. Besides, the nanosheets morphology together with

extra defects from the quasi-amorphous basal plane and the

tripled specific and effective electrochemical surface areas are

beneficial as well. Though MoSx catalysts are recognized as

having more active sites, they are less stable than the corre-

sponding catalysts with high crystallinities [2,9,36]. Here, the

stabilities of the three samples are checked and the perfor-

mances after 100 cycles decreases similarly and reasonably

(Fig. S7). The sparse crystalline domains in the material might

pin and stabilize a certain range of material in the catalyst.

Consequently, the catalytic performance of originally pre-

pared MoSx can be considerably enhanced by confined

growth.
Conclusion

In summary, MoSx is synthesized by a convenient ethanol-

thermal method and the originally obtained MoSx of low

crystallinity and with characteristic S2
2� units can be effec-

tively modified by confined growth. The morphology will

change dramatically from granular particles to uniform

structures after growing in the confined spaces constructed by

stacked cheap filler crystallites. As the specific surface area,

effective electrochemical surface area and the proportion of

active disulfide (S2
2�) units increase, the confined growth MoSx

possesses significantly promoted catalytic activity for

hydrogen evolution reaction and the performance may be

further improved by using even finer confined spaces. The

overpotential at 10mA cm�2 current decreases from278mV to

215 mV and then to 209 mV by confined growth with regular

and grinded filler crystallites. Therefore, this work provides an

efficient ethanol-thermal method together with confined

growth to prepare MoSx materials of remarkably promoted

qualities and the confined growth strategy may potentially be

applied to enhance the performances of other (quasi-)amor-

phous materials.
Experiment

Synthesis of MoSx materials

In a typical procedure, 40 mg sodium molybdate (Sigma

�99.5%) and 60 mg thiourea (Sigma �99.0%) were dispersed in

10mL ethanol by stirring for 1 h. Then the suspension was put

into a 25 mL autoclave reactor and the reactor was placed in a

200 �C oven for 20 h. After reaction, the auto clave reactor was

taken out and put in ambient condition to cool down natu-

rally. The black dispersive MoSx product was obtained and

washed by deionized water for at least 3 times.

For confined and finely confined growth, the same recipe

as above was used and after the 10 mL reactant suspension

being transferred into the autoclave reactor, about 20 mL

sodium chloride filler crystallites (Morton Salt, as-bought or
molybdenum sulfide from confined spaces for efficient hydrogen
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grinded) were added into the reactor slowly with agitation.

The reactor was placed still for 5 min and then the super-

natant liquid was removed, namely the liquid existed only

between/among the filler crystallites. In the cases of other

filler/suspension ratios, the same procedures were complied

with. Under 200 �C for 20 h, the as-grown MoSx would fill all

the confined spaces formed by filler crystallites. The filler

crystallites were dissolved by water to collect the products

and the obtained products were washed by deionized water

for at least 6 times.

Direct post-thermal-treatment was utilized to anneal the

as-prepared MoSx materials while maintaining the structures

from confined growth. In the above procedures, reaction took

place at 200 �C for 20 h. Here, after the preparation of MoSx
materials, another 24 h or 48 h at 200 �C or 48 h at 220 �C were

applied to post-thermal-treat confined MoSx materials with

regular filler crystallites directly in the autoclave reactor. After

the post-thermal-treatment, the filler crystallites were dis-

solved and the products were washed as above.

Materials characterization

The morphologies of the materials were imaged by scanning

electronmicroscopy (SEM, Hitachi SL4800) at 3 KV and by high

resolution transmission electron microscopy (JEOL 2010F).

Selected area electron diffraction (SAED) patterns were con-

ducted on the same TEM. Crystallinity information was also

collected from powder X-ray diffraction (PANalytical/Philips

X'Pert Pro) with Cu (Ka radiation, l ¼ 1.540598 �A) as the anode

material. The data is collected from 2q of 5
�
to 80

�
with a scan

rate of 1
�
/min. Specific surface areas of the materials were

calculated by BrunauereEmmetteTeller (BET) method after

measuring the nitrogen adsorption-desorption isotherms at

77.3 K with Tristar II 3020 instrument. X-ray photoelectron

spectroscopy (XPS) spectrum was obtained on Thermo Sci-

entific K-Alpha XPS system equipped with a monochromatic

soft Al Ka X-ray source (hn¼ 1.4866 keV, line width at ~0.3 eV).

For the fitting of XPS curves in Mo 3d and S 2p regions, the

peak area ratio of each doublet is determined by the de-

generacy of the spin state. The binding energy separation of

doublet between S 2p3/2 and S 2p1/2 is 1.2 ± 0.1 eV.

Electrochemical measurements

A classical three-electrode setup with glassy carbon as work-

ing electrode, platinum plate as counter electrode and satu-

rated calomel electrode (SCE) as reference electrode was used

for all the measurements. The SCE reference electrode was

calibrated with comparison to reversible hydrogen electrode

(RHE). The calibration was conducted in H2 saturated elec-

trolyte with Pt wire as the working electrode. In 0.5 M H2SO4,

E(RHE) ¼ E(SCE) þ 0.289 V and all the potentials in our

manuscript were corresponding to RHE.

The three types of MoSx catalysts (original, confined and

finely confined) were dispersed in mixed solvents (VH2O:

VEthanol ¼ 4:1) to prepare solutions of 1.32 mg/mL catalyst.

Then, 20 mL of each suspension was dropped onto glassy

carbon electrode of 5 mm in diameter and dried for 24 h.

Linear sweep voltammetry was tested on a Biologic poten-

tiostat at a scan rate of 3 mV/s in 0.5 M sulfuric acid solution.
Please cite this article in press as: Chen L, et al., Versatile synthesis of
evolution, International Journal of Hydrogen Energy (2017), https://do
Electrochemical impedance was carried out at over-potential

of 0.20 V in a range of 1 � 106 Hze0.01 Hz under a voltage of

10 mV. For determination of the double layer capacitances by

cyclic voltammograms (CVs) method, the CVs were measured

under different scanning rates (2, 4, 6, 8, 10, 12, 14, 16, 18, 20

mV/s) within a potential range of 0.335e0.435 V vs. RHE where

no faradic current was presented.
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