
Chinese Chemical Letters 31 (2020) 1124–1128

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let
Communication
The optimization of hydrothermal process of MoS2 nanosheets and
their good microwave absorption performances

Xiaoyu Lina, Jing Wanga,*, Zengyong Chua, Dongqing Liub, Taotao Guoa, Lingni Yanga,
Zhenyu Huanga, Sitong Mua, Shun Lib,*
aCollege of Liberal Arts and Sciences, National University of Defense Technology, Changsha 410073, China
bCollege of Aeronautics and Astronautics, National University of Defense Technology, Changsha 410073, China
A R T I C L E I N F O

Article history:

Received 10 April 2019
Received in revised form 21 June 2019
Accepted 24 June 2019
Available online 2 July 2019
Keywords:
MoS2
Hydrothermal preparation
Microwave absorption performance
Process optimization
Microwave absorption mechanism
* Corresponding authors.
E-mail addresses: jingwang@nudt.edu.cn

https://doi.org/10.1016/j.cclet.2019.07.003
1001-8417/© 2019 Chinese Chemical Socie
(J. Wang)

ty and Inst
A B S T R A C T

In this study, flower-like MoS2 constructed by nanosheets was synthesized by a simple hydrothermal
method. The hydrothermal process was optimized and the effects of hydrothermal condition, including
reaction temperature, reaction time and the ratio of Mo source to S source (Mo:S) in precursor, on
microwave absorption performances and dielectric properties were investigated. Our results showed
that when the reaction temperature was 180 �C, the reaction time was 18 h, and the Mo:S was 1:3.5, the
synthesizedMoS2 had the best performance: Its minimum reflection loss could reach�55.78 dB, and the
corresponding matching thickness was 2.30mm with a wide effective bandwidth of 5.17 GHz. Further
researches on the microwave absorption mechanism revealed that in addition to the destructive
interference of electromagnetic waves, various polarization phenomena such as defect dipole
polarization were the main reasons for microwave loss. We believe that MoS2 is a candidate for a
practical microwave absorbent.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Today, electromagnetic pollution has become a new envi-
ronmental problem, and seeking for practical absorbents is an
effective way to solve this problem. In recent years, 2D
transition metal dichalcogenides (TMDCs), especially MoS2,
have received great attentions due to their unique electrical
properties, which makes them promising candidates for
microwave absorbents [1–3].

Researches on the preparation and microwave absorption
performances of 2D MoS2 nanosheets have arisen recently. Up to
now, there are many strategies to obtain MoS2, such as mechanical
cleavage [4], intercalation exfoliation [5,6], chemical vapor
deposition [7] and hydrothermal method [8]. Among these
strategies, one-step hydrothermal way is a simple and widely
used method to prepare MoS2 nanosheets. In 2016, Liang et al. [8]
firstly investigated the microwave absorption performance of
MoS2 nanosheets prepared by hydrothermal method and proved
that MoS2 was an excellent absorbent. The minimum reflection
loss (RL) could reach �47.8 dB with the thickness of only 2.2mm.
To further control the structure and morphology, 3D MoS2
nanospheres stacked by nanosheets was obtained, and the
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MoS2/PVDF showed a wide effective bandwidth in the range of
2–40 GHz [9]. Based on this method, various MoS2-based
composites can also be obtained. 3D rGO/MoS2 composite was
prepared by this method and had great advantages in the field of
lightweight absorbent [10]. Interestingly, NiS2@MoS2 core-shell
composite was synthesized by two-step hydrothermal process.
MoS2 directly grew on the surface of NiS2 core. Synergistic effect
and multiple reflection between NiS2 and MoS2 made the
composite a better absorbent than single component [11].

As mentioned above, hydrothermal way is a mature method for
synthesizing MoS2, and it is feasible to regulate the morphology
and construct composites [12,13]. However, there is a lack of
systematic process optimization researches. At present, only a few
researchers investigated the impacts of reaction temperature on
microwave absorption properties of MoS2 roughly but without
further insights on the mechanism [14].

For these reasons, we proposed to synthesize MoS2 nano-
materials vis a hydrothermal method, and investigated the effects
of reaction condition, including reaction temperature, reaction
time and the ratio of Mo source to S source (Mo:S) in precursor, on
the physicochemical properties and microwave absorption prop-
erties of MoS2 deeply to optimize the process. We tried to clarify
the mechanism of microwave absorption, which would provide
reference for the study and practical application of MoS2.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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In this paper, MoS2 nanosheets were obtained via a
hydrothermal preparation. Thioacetamide (CH3CSNH2) was pur-
chased from Sinopharm chemical reagent Beijing Co., Ltd. Sodium
molybdate (Na2MoO4�2H2O) was purchased from Chemical
reagent Tianjin Co., Ltd. All reagents were used as received
without further purification or grind. A typical procedure was as
follows: 0.01mol Na2MoO4�2H2O and 0.035mol CH3CSNH2 were
dissolved in 100mL deionized water under vigorous stirring for
15min. The solution was transferred into a 150mL Teflon-lined
stainless steel autoclave. The autoclave was heated at 160 �C for
24 h, then cooled to room temperature. The obtained product,
named sample 1–1, was collected by centrifugation and washed
with deionized water and ethanol for several times. After that, the
products were dried at 60 �C under vacuum. Sample 1–2 and
sample 1–3 were heated at 180 �C and 200 �C, respectively. Then
sample 1–3 was annealed at 800 �C for 2 h, named sample 1–4.
When the optimum reaction temperature was determined,
reaction time was change to 12 h, 18 h and 24 h, respectively.
When the optimum reaction timewas also determined, the ratio of
Mo source to S source was changed to 1:2, 1:2.5, 1:3, 1:3.5, 1:4,
1:4.5, respectively. Then the paraffin and sample were weighed to
achieve a mass ratio of 2:3. The paraffin was melted at 80 �C, then
the product was added to the melted paraffin under vigorous
stirring. The MoS2/paraffin was cooled to room temperature. A
special mold was then used to prepare coaxial ring samples with
an inner diameter of 3mm, an outer diameter of 7mm and a
thickness of 2–4mm.

X-ray diffraction (XRD) patterns were recorded by using a
Rigaku TTRIII X-ray diffractometer with Cu Kα radiation. Scanning
electron microscopy (SEM) images were obtained by Hitachi
S4800. The transmission electron microscopy (TEM) images were
obtained bya JEM-2100 F field emission electronmicroscope. X-ray
photoelectron spectra (XPS) was carried out by Thermo ESCALAB
[(Fig._1)TD$FIG]

Fig. 1. (a) Hydrothermal product of MoS2; (b) XRD patterns of MoS2 prepared at 160 �C,1
(c) Mo 3d and (d) S 2p;(e) SEM images of MoS2 prepared at (1-1) 160 �C, (1–2) 180 �C
250Xi with Al Kα as the excitation source. The BET test was carried
out by Micromeritics ASAP 2460. ST2722 powder resistivity tester
was used to measure the conductivity. A vector network analyzer
(VNA) was used to measure electromagnetic properties at
2–18 GHz by Agilent 8720ET.

The first part investigated the properties of MoS2 prepared at
different reaction temperatures (Fig. 1). The composition of
hydrothermal products was confirmed by the XRD (Fig. 1b). We
could see that themain diffractionpeaks of three samples (1–1,1–2
and 1–3) were similar, which indicated that the reaction
temperature had no significant effect on the crystal phase. The
main diffraction peaks of annealed sample (1–4) could be well
indexed to 2H-MoS2 (JCPDS No. 37-1492), which proved that the
as-synthesized products were MoS2. For sample 1–1, 1–2 and 1–3,
the wide diffraction peaks implied the nanosized nature of the
products, and the XRD patterns were in good agreement with that
of few layered MoS2 [15]. The (002) diffraction peak was not
significant and shifted to low angle, indicating an interlayer
expansion. XPSwas used to further analyze the phase and chemical
composition of MoS2 (Figs. 1c and d). Generally, there are three
different phases about MoS2, including 1T, 2H and 3R, and the
sample was a mixed phase of 1T-MoS2 and 2H-MoS2 [16]. Two
peaks of Mo 3d5/2 and 3d3/2 orbitals at 228.6 eV and 231.8 eV were
confirmed toMo4+ state and two peaks of S 2p3/2 and 2p1/2 orbitals
at 161.4 eV and 162.7 eV were confirmed to S2� of 1T-MoS2; two
peaks of Mo 3d5/2 and 3d3/2 orbitals at 229.6 eV and 232.8 eV were
confirmed toMo4+ state and two peaks of S 2p3/2 and 2p1/2 orbitals
at 162.5 eV and 163.8 eV were confirmed to S2� of 2H-MoS2. In
addition, S 2s peaks at 226.2 eV means the chemical states of
S species bonding with Mo [11].

The structure and morphology of MoS2 were characterized by
SEM, as showed in Fig. 1e. Fig. 1e showed that the structure of
sample 1-1 (160 �C) was a randomly stacking of 2D nanosheets. For
80 �C, 200 �C and annealed sample; XPS survey spectrum ofMoS2 prepared at 180 �C
and (1–3) 200 �C.
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sample 1–2 (180 �C), the structure presented a more regular
morphology of flower-like nanospheres. When the temperature
was up to 200 �C, part of flower-like nanospheres were destroyed,
and the stack was partially disordered. We took sample 1–2 as
example to further study themorphology ofMoS2. The TEM images
were shown in Figs. S1a and b (Supporting information), which
suggested that MoS2 nanomaterials had only few layers with thin
edges and a petal-like morphology. It could be observed that the
layered structures were stacked on each other, and the interlayer
distance was 0.70 nm, which was larger than that of theoretical
value of 0.65 nm of the hexagonal MoS2. This might be due to the
intercalation of small molecules [17], such as NH4

+.
To evaluate the microwave absorption performance of MoS2,

the coaxial samples of MoS2/paraffin were made and studied by
VSM. According to the transmission theory, for single-layer
microwave absorbent, the RL (Reflection Loss) can be expressed
by following equations [18]:

RL ¼ 20lg
Zin � Z0

Zin þ Z0

����
���� ð1Þ

where Z0 is the impedance of air; Zin is the input impedance, which
can be expressed as:

Zin ¼ Z0

ffiffiffiffiffiffi
mr

er

r
tanh j

2pf d
c

ffiffiffiffiffiffiffiffiffiffi
mrer

p� �
ð2Þ

where er and mr are the complex permittivity and permeability of
the absorbent, respectively; f is the frequency of incident
electromagnetic wave; d is the thickness of the absorber and
c is the velocity of light in free space.

Firstly, we calculate the RL values of the MoS2 prepared under
different reaction conditions at different thicknesses, and the
matching thickness of each samples can be determined using the
[(Fig._2)TD$FIG]

Fig. 2. The theoretical RL curves of MoS2 prepared under different (a) reaction tempera
frequency range of 2–18 GHz.

Table 1
The microwave absorption properties of some common absorbents.

Absorbent Method Loading
(wt%)

Effectiv

MoS2 Hydrothermal 60 5.17
CNTs Chemical Vapor Deposition 30 3
CNF-CNTs Electrospinning and annealing 20 5.2
RGO/SF/PANI Polymerization 50 5.48
MoS2 Hydrothermal 60 4.5
3D rGO-MoS2 Hydrothermal 10 5.92
MoS2-CIP Mixing 80 6.56
Graphene foam Solvothermal 100 14.0
NixZn(1-x)Fe2O4 ferrite nanofibers Electrospinning 15 4.4
SiC nanofibers Electrospinning 35 5.5
CuS hollow micropheres Solvothermal 30 3.6
RL curves (Figs. S2, S5 and S8 in Supporting information). Then, we
made a summary of the RL curves of MoS2 at their matching
thicknesses, as shown in Fig. 2.

According to Fig. 2a, we can visually compare the microwave
absorption performance of MoS2 prepared under different temper-
atures, and microwave absorption indicators were summarized in
TableS1 (Supporting information). It couldbe foundthat theminimum
RL of samples 1–1 and 1–3 could reach �60dB, which presented
excellent performances compared with reported values (Table 1).
Although the minimum RL of sample 1–2 was only �43.62 dB, it was
still goodenough. Inaddition, comparedwith samples1-1and1–3, the
matching thickness of sample 1–2 was decreased to 2.44mm and the
effective bandwidth was up to 5.33GHz. It should be recognized that
when the RL was below �10dB, 90% of the microwave has been
attenuated, and the improvement in effective bandwidth and
matching thickness was more meaningful and practical. Therefore,
we think that sample 1–2 had the best comprehensive absorption
performance.

After determining the effects of reaction temperature on
microwave absorption properties of MoS2, we investigated the
reaction time. The XRD and SEM images were presented in Figs. S3
and S4 (Supporting information), the as-synthesized MoS2 were
also nanosheets and stacked into flower-like structure. Fig. S5
(Supporting information) and Fig. 2b showed the RL curves ofMoS2
in the frequency range of 2–18 GHz and the microwave absorption
indicators were summarized in Table S2 (Supporting information).
Considering three indicators comprehensively, sample 2-2 had the
best performance, thatwas to say,when the reaction timewas 18 h,
the hydrothermal product MoS2 was more favorable for absorbing
microwave.

Also, the effects of Mo:S in precursor on microwave absorption
performances of MoS2 were studied. The XRD and SEM images
were presented in Figs. S6 and S7 (Supporting information). Fig. S8 [57_TD$DIFF][27_TD$DIFF]
tures, (b) reaction time and (c) Mo:S in precursor at the matching thickness in the

e bandwidth (GHz) Minimum RL (dB) Matching thickness (mm) References

�55.78 2.30 This work
�20 3.5 [19]
�44.5 2.0 [20]
�45.0 1.5 [21]
�47.8 2.2 [8]
�31.57 2.50 [10]
�56.23 1.78 [22]
�35.0 1.0 [23]
�14.1 3.6 [24]
�57.8 1.9 [25]
�31.5 1.8 [26]
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(Supporting information) and Fig. 2c showed the RL curves ofMoS2
in the frequency range of 2–18 GHz and the microwave absorption
indicators were summarized in Table S3 (Supporting information).
Considering three indicators comprehensively, sample 3–4 had the
best performance, that was to say, when the Mo:S was 1:3.5, the
hydrothermal product MoS2 was more favorable for absorbing
microwave. It wasworthmentioned thatwhen theMo:Swas 1:2.5,
sample 3-2 had the thinnest matching thickness and the widest
effective bandwidth.

In summary, the final results showed that when the reaction
temperature was 180 �C, reaction time was 18 h, and Mo:S was
1:3.5, the MoS2 had the best performance: Its minimum reflection
loss could reach �55.78 dB, and the corresponding matching
thickness was 2.30mm with a wide effective bandwidth of
5.17 GHz.

MoS2 is considered to be a typical dielectric loss absorbent
with large dielectric constant. In order to find out the reason
why the microwave absorption properties of MoS2 was
optimized. We took samples 1-1, 1–2 and 1–3 as examples
and studied the effects of hydrothermal conditions on the
dielectric properties of MoS2. Figs. 3a and b showed the
dielectric frequency spectra of three samples. For all the
samples, the e' decreased with increasing frequency and
fluctuated between 10.5 to 5.3. The e' value of sample 1–3 was
the highest, which implyed the strongest ability to propagate and
store electromagnetic waves. The e" showed the same trendwith e'
in 2–18 GHz and fluctuated between 7.5�1.6. The e" value of
sample 1–2was the highest, which implyed the strongest ability to
attenuate electromagnetic wave, and correspondingly, sample 1–2
showed the best microwave absorption performance. Other
samples had the similar pattern, as shown in Figs. S9 and S10
(Supporting information).

In general, the dielectric loss is mainly derived from various
polarization effects and can be expressed by the Debye theory as
follows [27]:

e0 ¼ e1 þ es � e1
1þv2t2

ð3Þ

e00 ¼ es � e1
1þv2t2

vt þ s
ve0

ð4Þ

Where s is the dc conductive, v is the angular frequency, t is the
polarization relaxation time, es is the static permittivity, and e1 is
the relative dielectric permittivity at the high frequency limit.

The e' and e" exhibited a remarkable dispersion effect, which
could be expressed by Eqs. (3) and (4), and this effect may be
attributed to the failure of induced charges to follow the
electromagnetic field, causing a reduction in the electronic
oscillations at high frequency [28]. As reported previously, the
relaxation located in 2–18 GHz were attributed to polarization of
the defects [29]. MoS2 synthetized by aggressive hydrothermal
[(Fig._3)TD$FIG]

Fig. 3. The complex permittivity of MoS2 prepared under different reaction
temperatures: (a) the real part (e') and (b) the imaginary part (e”).
method may produce many defects, which was conductive to
enhance microwave attenuation. On the other hand, large specific
surface area benefited to provide more defect sites. BET analysis
showed that the specific surface area of three samples were
57.3m2/g, 84.7m2/g and 63.6m2/g, respectively. Combined with
the morphology observation, sample 1–2 had the largest specific
surface area, which may be due to the regular morphology,
reducing the disordered stacking of MoS2 nanosheets. Therefore,
temperature condition is very important for regulating the
morphology of MoS2 and improved electromagnetic properties.

In order to further understand the dielectric properties,
conductivity (s) of the three samples was measured. It was
known from Eq. (4) that e" was positively correlated with the
conductivity. The conductivity of samples was 2.15�10�3 S/m,
3.31�10�3 S/m and 2.08� 10�3 S/m, respectively. Sample 1–2 had
the largest s, and the corresponding e" was also the largest. Ning
et al. [30] proposed that when the conductivity was large enough,
the conductive paths could be established. Then the electrons from
MoS2 could migrate along the nanosheets or hop across defects,
which would increase the e" value, contributing to dielectric loss.
The conductivity of our samples far exceeded the reported value,
which was more propitious to conductivity loss.

Next, we took sample 1–2 as example to discuss the microwave
absorptionmechanism ofMoS2. According to the above two Eqs. (3)
and (4), the relationship between e' and e" can be deduced as
follows:

e0 � es þ e1
2

� �2
þ e00ð Þ2 ¼ eS � e1

2

� �2
ð5Þ

The curve of e' versus e" is also called the Cole-Cole semicircle,
and each semicircle corresponds to a Debye relaxation process. As
shown in Fig. 4a, for better illustration, we divided the graph into
two parts, an obvious semicircle could be observed, corresponding
to a relaxation process, but in the inset figures, it was hard to
describe the Cole-Cole curve, which may involve multiple
relaxation process. Other samples had the similar pattern, as
shown in Figs. S11–S13 (Supporting information), which indicated
the same various polarization process.

In addition, it could be observed that the RL peak position
moved toward low frequency with increasing matching thickness.
In general, the peak frequency (fm) and thematching thickness (tm)
corresponding to the RL peak could be described by a quarter-
wavelength model [31,32]:

tm ¼ nl
4

¼ nl0

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mrj j erj jp ¼ nc

4f m
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mrj j erj jp ðn ¼ 1;3;5::::::Þ ð6Þ

where l is the electromagnetic wavelength in free space, l0 is the
propagating wavelength in the material; er andmr are the complex
permittivity and permeability of the absorbent, respectively; c is
the velocity of light in free space.

For single-layer microwave absorbent, when the matching
thickness conformed to quarter-wavelength model, the incident
and reflected waves in the absorbent were out of phase by 180�,
generating an interference phenomenon. The tm curves were
calculated by Eq. (6), and the tRL were simulated by Eqs. (1) and (2)
and represented by start points. Fig. 4b showed the tm-l/4 curve of
sample 1–2 and the tRL was expressed with star points. It could be
well explained that the RL peak position moved toward low
frequency with increasing matching thickness. And the star points
fell above the tm-l/4 curve, indicating that the tRL values were
larger than tm values. The reason may be that quarter-wavelength
model only involved interference cancellation, but Eqs. (1) and (2)
described a comprehensive microwave absorption performance.
The different between tm and tRL may be caused by other
absorption mechanism, such as dielectric loss, as mentioned
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Fig. 4. (a) The e'-e” curves, (b) RL curves and tm-l/4- curves ofMoS2 prepared under
180 �C (sample 1–2).

1128 X. Lin et al. / Chinese Chemical Letters 31 (2020) 1124–1128
above. Other samples had the similar pattern, as shown in
Figs. S14–S16 (Supporting information), which indicated the same
the destructive interference phenomenon.

In summary, MoS2 nanosheets had been synthesized by a
hydrothermal method under various reaction conditions. The
results showed that when the reaction temperature was 180 �C,
reaction time was 18 h, and Mo:S was 1:3.5, the MoS2 had the best
performance: Its minimum reflection loss could reach �55.78 dB,
and the corresponding matching thickness was 2.30mm with a
wide effective bandwidth of 5.17 GHz. For the microwave absorp-
tion mechanism of MoS2, there were mainly two ways: (1) the
destructive interference of electromagnetic waves; (2) various
polarization phenomena such as defects dipole polarization.
Further studies revealed that the improved performance of
MoS2 nanosheets were mainly attibuted to the following points:
(1) high dielectric constant; (2) large numbers of defects; (3) high
specific surface area. We believe that MoS2 is a candidate for a
practical microwave absorbent. This paper not only obtained
microwave absorption materials with excellent performances, but
also improved its characteristics through process optimization.We
anticipated that our study could provides reference for the
research and practical application of MoS2.
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