Rare Metal Materials and Engineering
Volume 49, Issue 4, April 2020
Available online at www.rmme.ac.cn

[TTT]1 .
éa Science Press

Cite this article as: Rare Metal Materials and Engineering, 2020, 49(4): 1177-1183.

Hydrothermal Preparation of Petal-like MoS> and Its
TG-DSC-FTIR Analysis

Zhou Jun'®,  Wu Lei?

Lan Xinzhe3*

Yang Rongrong',  Zhang Qiuli'’>,  Song Yonghui®**,  Tian Yu-

hong'?,

" School of Chemistry and Chemical Engineering, Xi'an University of Architecture and Technology, Xi'an 710055, China; 2 School of Metallurgical
Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China; % Shaanxi Province Metallurgical Engineering and Technology
Research Centre, Xi'an 710055, China; * Key Laboratory of Gold and Resources of Shaanxi Province, Xi'an 710055, China

Abstract: Petal-like MoS, microspheres were synthesized via the hydrothermal reaction of Na;MoOs, CS(NH,),, and H,C,04. The
crystal form and morphology of MoS, were analyzed by XRD and SEM, and its thermogravimetric and gas precipitation properties
were studied via TG-DSC-FTIR. Results indicate that product yield is influenced by the molar ratio of Mo/S, amount of reducing
agent, reaction temperature, and reaction time. The crystal form of petal-like MoS, microspheres is hexagonal 2H-MoS,; diameter of
petal-like microspheres is 1~2 um, and the average thickness of petal is 15~20 nm. The thermal loss process of MoS; can be roughly
divided into two stages: transformation stage of MoS, and phase change stage of MoOs, in which the first stage mainly occurs at
221.40~603.15 °C, and the second stage occurs in the temperature range of 603.15~1220 °C. MoO; and MoOj; are generated in the
first stage, with the thermal loss of 22.30%. A phase change of MoOs from solid to liquid and gas occurs in the second stage. FTIR
data show that there is no SO, gas at 603.15 °C, which proves that MoS; is completely transformed before 600 °C. Compared with

common MoS,, the petal-like MoS, microspheres have higher reaction activity.
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Because of its superior lubrication, catalytic and electromag-
netic properties, MoS, has gained wide research interest!' ™.
MoS, belongs to hexagonal crystal system, and its basic
microstructure is Mo-S-Mo interlayer, similar to a “sandwich”,
in which Mo and S atoms are attached by a strong covalent
bond, but S atom in interlayer relies on weak Van der Waals

M3 The microstructure and active sites of materials

forces
contribute to the microwave absorption property'®, and high
specific surface and layer structure of MoS, as a potential
material with advantageous superiority in the application of
microwave absorption are widely researched”*!.

In the past decade, nano-MoS, with diverse morphologies
can be successfully prepared via ultrasonic chemical synthesis,

gas reaction, thermal decomposition, and hydrothermal

Received date: April 15,2019

synthesis. Among them, hydrothermal synthesis is considered as
the most promising approach because of its simple operation,
low cost, high efficiency, and mild reaction conditions’'”. Qiao

et all'!

successfully synthesized uniform hierarchical MoS,
microspheres via facile hydrothermal method with the aid of
nonionic surfactant polyethylene glycol. The results indicated
that as-prepared MoS, microspheres show superior performance
in the removal of methylene blue from aqueous solution and can
be used as an efficient, robust and recyclable adsorbent in water

treatment application. Tang et al''”!

also prepared nano-MoS,
assisted by hydrothermal method to study tribological properties,
and results show that the base oil with 2.0 wt% as-prepared
MoS,; has a better anti-wear ability.

TG-DSC is a technique to analyze thermal loss and energy
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change using thermogravimetric analysis (TG/TGA) and
differential scanning calorimetry (DSC), which is widely used
to investigate the thermal behavior during combustion process.
TG-DSC

spectroscopy (FTIR) can continuously detect the real-time
[13]

coupled with Fourier transform infrared
mass loss and gas evolution rule during TG process
Malgorzata et al'¥ made it possible to determine the
composition of shale rocks using thermal methods and Fourier
transform infrared spectroscopy, and divided thermal decom-
position into three sections to study the thermal loss rule. Ou

Yapeng et al'"”!

investigated the thermal decomposition
behavior of hydroxyl terminated polyether (HTPE) based
polyurethanes (PUs) by DSC-TG-MS-FTIR. The results show
that the decomposition mechanism of HTPE based PU is a
two-step process after endothermic melting and the influence
mechanism of energetic and inert plasticizer on decomposition
of HTPE based PU is different. Grochowicz et al''” inves-
tigated the thermal properties of polymeric microspheres and
their modification by drug molecules and silica gel counter-
parts under oxidative atmosphere using TG-DSC-FTIR methods,
and it is discovered that the thermal degradation of polymeric
microspheres has at least four exothermic stages but modified
polymeric microspheres decompose in only two stages.

As a promising transition metal compound, MoS, with high
specific surface and layer structure has been widely used in
many fields"”"”. For example, Yang et al® prepared MoS,
nanoparticles via a facile hydrothermal method, and doped them
onto In,O; hollow microtubes for NO, gas sensing. Although
the sensing performance is excellent, severe agglomeration and
bad dispersion restrict the performance improvement. However,
the research on thermal stability of above MoS, has not received
much attention, especially in catalytic application. In this study,
the petal-like MoS, was prepared by hydrothermal method and
applied as the microwave pyrolysis catalyst. The effects of
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Mo/S ratio, proportion of reducing agent, reaction temperature
and reaction time on petal-like MoS, yield were studied, and the
optimal combination conditions were also acquired using single
factor experiments. Meanwhile, the thermostability of petal-like
MoS, was further evaluated through TG-DSC-FTIR methods to
reveal the mass and heat changes of MoS, in air atmosphere at
different temperatures.

1 Experiment

The reagents in preparation experiment were all analytical
reagents, purchased from Sinopharm Group of China. All
reagents were used without further purification.

According to a certain molar ratio, sodium molybdate and
oxalic acid were uniformly mixed with deionized water in
PTEF liner and then thiourea was added in proportion. After
fully stirring, hydrothermal reaction was conducted in
vacuum-drying at required reaction temperature and time.
Product was separated by high-speed centrifuge, and then
repeatedly washed by deionized water and absolute ethyl
alcohol three or four times. After drying at 60 °C for 12 h,
product was calcined for 2 h at high temperatures (400~900
°C) in electric tube furnace with argon as protective gas. At
last, black powder products were collected and weighted. The
technological process of MoS, preparation is described in
Fig.1. 5 mg MoS, sample was put into porcelain crucible on a
balance bracket, and heated to 1200 °C at the heating rate of
10 °C/min in air atmosphere (DSC-TGA, STA409PC). Mean-
while, thermal loss data were automatically calculated, and
gas composition was detected by FTIR.

X-ray diffraction technology was employed to detect the
crystal form using a Nal (TI) detector and Cu Ko radiation at
40 kV and 30 mA (XRD, Type-7000). The scanning range of
26 was between 5° and 80° at a rate of 0.02 °C/s. Scanning
electron microscopy with energy dispersive spectrometry
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(SEM-EDS, JSM-6360LV) was used to analyze the micromor-
phology and elementary composition at a resolution of 1.6 nm
and accelerating voltage of 30 kV. Gas precipitation rule was
investigated by Fourier transform infrared spectrometer
(FT-IR, VERTEX70), and the spectra were recorded with
various indices between 4000 cm™ and 500 cm™' by co-adding
32 scans at a resolution of 4 cm™.

2 Results and Discussion

2.1 Yield of product

According to different experimental conditions, various
yields of product are obtained, and test numbers corres-
ponding to various yields are signed in Fig.2. The yields of
MoS, with different Mo and S atom ratios clearly demonstrate
that the yield increases with adding more CS(NH,),, but when
the molar ratio of Na,Mo0QO4:CS(NH,), is lower than 1:5, the
yield is no longer increased, as shown in Fig.2a. Due to the
lack of CS(NH,),, the H,S produced from hydrolysis reaction
of thiourea is less, which leads to system partial pressure
reduction. With the double effects of less H,S content and
lower partial pressure, the concentration of H,S is reduced,
and the sulfidation will certainly be weaken to decrease the
yield of MoS; in the same reaction time. Another reason for
reduced yield of MoS, is by-product MoO, generated. When
the molar ratio of Na,MoO4:CS(NH,), is 1:5, the maximum
yield of MoS, is about 85 wt%. The yields of MoS, with

different H,C,0, additions are shown in Fig.2b. As the molar
ratio of H,C,04:Na,MoQ, increases from 0.7:1 to 1:1, the
yield of MoS, approximately is increased by 35 wt%. After
then, the yields decrease slightly with the increase of H,C,0y:
Na,MoQO,. When the molar ratio of H,C,0,:Na,MoO, is 1:1,
the Na,MoOQ, is completely reduced, which closely matches to
the calculation amount of H,C,0,. As shown in Eq.(1~3),
H,C,0, and H,S are the reducing agent in reaction process.
When adding more H,C,0,, excessive H' may reduce MoO,
so the yield of MoS, goes down.
Na,MoO,+H,C,0, — MoO, + Na,CO, + H,0+CO, (g) (1)
CS(NH,), +2H,0 — 2NH,(g)+CO,(g)+H.S (2) (2
MoO, +2H,S — MoS, +2H,0 3)
The reaction temperature deeply affects the yield of MoS,,
as shown in Fig.2c, when the temperature increases by 40 °C,
the yield improves by 75 wt%. The product yield increases to
85 wt% at 220 °C, but when temperature increases to 240 °C,
the yield decreases slightly. The variation of product yield is
caused by two main reasons: one is high reaction temperature
that makes reaction rate constant higher and accelerates positive
reaction of Eq.(3), the other is high pressure caused by solvent
evaporation that results in high diffusion velocity and enhanced
hydrothermal reaction. Fig.2d shows that the hydrothermal
reaction needs enough time to obtain high product yield. Once
the reaction time is more than 8 h, the product yield improves to
80 wt%, and the maximum yield of 85 wt% is acquired after
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Fig.2 Yields of product in different single factor experiments: (a) molar ratio of Na;M0oO4:CS(NHa),, (b) molar ratio of H,C,04:Na;MoOs,

(c) reaction temperature, and (d) reaction time
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reaction time of 24 h. The single factor experimental results
show that the optimum reaction conditions are as follows: the
molar ratio of Na,MoO,:CS(NH,), is 1:5, the molar ratio of
H,C,0,:Na,MoO, is 1:1, and the reaction temperature and
reaction time are 220 °C and 24 h, respectively, and then the
maximum product yield can be achieved.

2.2 Structure and morphology

Fig.3 shows the XRD patterns of petal-like MoS,
microspheres obtained via hydrothermal experiment. The
characteristic diffraction peaks at 13.1°, 29.2°, 33.5°, 39.8°,
44.2°, 49.15°, 58.23° and 61.6° correspond to crystal indexes
of (002), (004), (100), (103), (006), (005), (110) and (008),
respectively. Compared with the standard card of hexagonal
MoS, (JCPDS No.37-1492), the XRD results confirm that
petal-like MoS, is pure hexagonal 2H-MoS, and the lattice
constants of a and ¢ calculated are 0.316 16 and 1.229 58 nm,
respectively. The diffraction peak of (002) is high and sharp to
certify the good stackable layered structure of petal-like MoS,,
which can be verified by SEM images.

The morphology of as-prepared MoS, is observed by SEM
with different magnifications, and the elemental composition
of marked position in Fig.4c is detected by EDS. As shown in
Fig.4a and Fig.4b, the shape of particles nearly likes globular
with an average diameter of 1~2 um, and particles aggregate
into dense clumps. SEM image (Fig.4c) reveals that the
petal-like MoS, microspheres are self-assembled by plicate
nanosheets that have a thickness of 15~20 nm. The plicate
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nanosheets provide more active sites in high energy field to
improve reaction activity. The EDS spectrum of nanosheet
shows that the main elements are Mo and S in marked position,
and no other element is observed. The result of quantitative
analysis for peak area shows that the atom ratio of Mo:S is
about 1.94:1, which is very close to atom stoichiometric ratio
of MoS..
2.3 TG-DSC-FTIR

The thermal behavior of MoS, during oxidation is
investigated at 10 °C/min under air atmosphere by TGA and
the result curves are shown in Fig.5. There are four curves
representing mass change (TG), mass loss rate (DTG), heat
variation (DSC) and temperature change (Tem) in Fig.5.

.’MOSZ

Intensity/a.u.
{ ]

10 20 30 40 50 60 70
200(°)

Fig.3 XRD pattern of petal-like MoS»

8001

3200¢

1600} o

0 e

0.00 200 400 6.00 8.00 10.00
Energy/keV

Fig.4 SEM images (a~c) and EDS spectrum of the position marked in Fig.4c (d) of petal-like MoS»



Zhou Jun et al. / Rare Metal Materials and Engineering, 2020, 49(4): 1177-1183 1181
[\~ 283.46°C — G DSClExothemic = ik 71400
100 52555 - DTG------ Tem 130
e ) - |2230% B . o 11200
41R7 ‘“‘C 4;2’.511'12‘;& (-J(;:; -l-5~c 80?)(]1 ]5 :L —“:
80+ 1 e T o 1 2.5 "o E 11000
X D | Ma7.73°C 12.0 g 11 N OL\)
60t %?14 S| | = 2 lgoo B
g hsE |, 3 2
£ 2oz -2 [
@) i) 2 &
2401 1110 &= S 1600 g
-71.70% O 5
§ 77.70% 8 3 - 8
. 105 = g 1400
201 797.58°C | (;287 5 4 =
. 63355 LN 10.0 |
| ‘ D3O 1200
or .- | 11}’5548.5 s 1-0.5 15
i’ " . . . ) A " 10
0 2000 4000 6000
Time/s

Fig.5 TG-DSC curves of petal-like MoS,

It can be seen from TG curve that the mass loss begins at
about 221.40 °C, and total loss ends at 1200 °C. The mass
change can be roughly divided into two stages. One is
transformation stage of MoS,, which begins at about 221.40
°C and ends at 603.15 °C. MoS, is completely oxidized to
MoO, and MoO; with a mass loss of 22.30%. The other is
phase change stage of MoQOs;, during which MoO; solid
transforms into gas by high temperature. If all MoS, is
oxidized to MoO, or MoOs, the mass loss decreases 20% or
10% by calculation of reaction equation (Eq.(5) and Eq.(6)).
Hence, the mass loss of 22.30% indicates that easily oxidized
impurities must exist and MoS, must be oxidized to MoO, and
MoQ;. Although the boiling point of MoOs is 1155 °C, MoO;
begins to volatilize before 600 °C™*'!. As shown in the DTG
curve, the mass loss rate peaks appear at the temperatures of
265.66, 447.73, 807.11 and 950.23 °C, which indicate much
mass reduction at corresponding temperatures, and the
maximum rate is 5.2%/min at the temperature of 905.23 °C,
which is caused by chemical reaction and phase change. The
mass loss rate hardly alters and is close to zero in the range of
500 °C to 700 °C, which may be due to the fact that the
generation rate of MoOjs via Eq.(6) is close to the oxidized rate
of impurities.

MosS, +30, = MoO, +2S0, (4)
Mos, %02 — MoO, +2S0, ®)
MoO, +%o2 — MoO, (6)

DSC curve demonstrates that four exothermic peaks
correspond to mass loss rate peaks. Because of oxidization of
air, heat starts to release at the temperature of 221.40 °C,
along with the generation of MoO,, and when the reaction
temperature reaches 283.46 °C, MoS, is further transformed,
releasing a large amount of heat. This is why the first
exothermic peak appears at temperature of 283.46 °C. With
rising the temperature, MoO, is converted to MoOj; and heat is

released meantime, which causes the second exothermic peak
at 452.19 °C. The third and fourth exothermic peaks
corresponding to 797.58 and 956.77 °C may be caused by
crystal modification at high temperature to reduce energy
absorption. Due to phase change of MoOs, the value of DSC is
less than zero, and thermal behavior is endothermic. Compared
with common MOSZ[ZZ], temperature of the first exothermic peak
is lower, which indicates that the bridge of Mo and S more
easily breaks at low temperature. Therefore, the petal-like MoS,
microsphere acts out high reaction activity. The temperature
rising curve shows that it takes about 7200 s to rise temperature
from 25 °C to 1200 °C at a heating rate of 10 °C/min.

The 3D FTIR spectra of gaseous products are depicted in
Fig.6, and the segmental patterns at key temperatures are
analyzed in detail. As shown in the spectra, six absorption
peaks can be obviously found around 3750, 2350, 2100, 1540,
1380, and 1195 cm™'. According to the IR absorption peaks of
functional groups™™), the peak at 3750 cm™' belongs to the
stretching vibration of water vapor that may be carried in air.
A remote possible is nitric oxide represented by the peak at
3750 cm ' that is generated by nitrogen and oxygen with a
metal molybdenic catalyst in high energy™*". The absorption
peaks at 2350, 2100 and 1540 cm ' are carbon dioxide, carbon
oxide and organic compound stretching vibration, respectively.
This is because petal-like MoS, with developed surface
structure and high specific surface area adsorbs the initial
reactants, and then reactants are oxidized to carbon dioxide,
carbon oxide and aromatic. The peaks between 1195 and 1380
cm ' show sulfur dioxide stretching vibration. It is verified
that MoS, is oxidized to molybdenum oxide and sulfur
dioxide, as shown in Eq.(4) and Eq.(5).

The peak intensity is proportional to the evolved gas con-
centration according to the Beer-Lambert law*®.. So, various
gas concentrations at different temperatures are calculated via
the absorption fluctuation, and the effect of temperature on the
precipitation rule of gas is analyzed in Fig.7. Sulfur dioxide is
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Fig.7 Gases precipitation under different temperatures

the main gas product, and begins to release at 221.40 °C. Yield
of sulfur dioxide firstly increases and then decreases to zero
with the increase of temperature before 603.15 °C, and the
maximum yield is gained at 283.46 °C. This is consistent with
the results of TG and DTG curves. The yield of carbon
dioxide is only second to that of sulfur dioxide, and the
change rule is similar, whose maximum yield is gained at
417.57 °C. There is little variation in yield of water vapor
from beginning to end, which confirms that the moisture
comes from air. When the heating temperature reaches about
603.15 °C, the main gaseous products are no longer generated,
and the yields are near to zero. This fully proves complete
transformation of MoS,.

3 Conclusions

1) Petal-like MoS, is prepared by hydrothermal method.
The maximum product yield of 85 wt% is obtained under the
optimum conditions: the molar ratio of Na,MoO4:CS(NH,), is
1:5, the molar ratio of H,C,04:Na,MoQO, is 1:1, and the
reaction temperature and reaction time are 220 °C and 24 h,
respectively.

2) The crystal form of petal-like MoS, microspheres is
hexagonal 2H-MoS,; diameter of petal-like microspheres is
1~2 um and average thickness of plicate nanosheets is 15~20
nm.

3) Thermal loss process of MoS, can be roughly divided
into two stages: transformation stage of MoS, (221.40~
603.15 °C) and phase change stage of MoO; (603.15~1200
°C), and the mass loss rate is 22.30% in the first stage along
with the formation of MoO, and MoOj. The DSC results show
that the petal-like MoS, microsphere acts out high reaction
activity, and crystal structure of MoO; changes at 797.58 and
956.77 °C. The FTIR indicates that the main released gas is
sulfur dioxide, water vapor or nitric oxide, carbon oxides and
organic, and MoS; is completely transformed before 603.15 °C.
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