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Enhanced Wave-Absorption Properties of Nanocomposites
Based on the Synthesized Bi2S3 Nanorods and
Polyvinylidene Fluoride
Xin Luo,[a] Guang-Sheng Wang,*[a] Hao-Yue Guo,[a] Xiao-Juan Zhang,[a] Wen-Qiang Cao,[b]

Yun-Zhao Wei,[a] Lin Guo,[a] and Mao-Sheng Cao*[b]

In this study, Bi2S3 nanorods were synthesized on a large scale
through a simple hydrothermal method at low temperature. To
investigate the wave-absorption properties of Bi2S3 nanorods,
the homogeneous nanocomposites consisting of the nanorods
and paraffin or polyvinylidene fluoride (PVDF) matrix were fab-
ricated and characterized. The results indicated that the intro-
duction of Bi2S3 nanorods to PVDF significantly enhanced the
wave-absorption properties of the absorber. The loss mecha-
nism of Bi2S3/PVDF nanocomposites with different loadings
was discussed and some theories were also employed to ex-
plain the mechanism of the enhancement based on the experi-
mental results.

Introduction

Electromagnetic radiation pollution has been recognized
worldwide as the fourth major pollutant after water, atmos-
pheric, and noise pollution. Owing to the invisible nature of
electromagnetic radiation pollution, its damage is often under-
estimated. To prevent electromagnetic interference and
damage to health as well as to provide electromagnetic pro-
tection for civilian facilities, it is necessary to develop new
types of wave-absorbing and antistatic materials. In addition,
with the development of detection technology and precision-
guided munitions in military affairs, better stealth technologies
are needed to protect armaments. At present, traditional ab-
sorbing materials cannot meet the requirements of the milita-
ry. Excellent wave-absorbing materials are supposed to be
broadband, lightweight, and simple-structured with strong ab-
sorption. Nevertheless, traditional wave-absorbing materials
generally reduce electromagnetic waves through dielectric and
magnetic loss processes, and are usually only able to perform
strong absorption in some narrow frequency band. Further-

more, inorganic absorbers have a high density and are scarcely
able to meet the requirement of lightweight.

Over the past fifteen years, the preparation and assembly
techniques of nanomaterials have been well developed. But as
an emerging functional material, the research into its applica-
tion is still insufficient and is regarded as a hot topic for scien-
tists. Their special structures make nanomaterials distinct from
most common inorganic fillers in their physical properties, and
researchers can make the most of this to expand their range of
applications.

In recent years, wave-absorbing nanomaterials have attract-
ed increasing attention as a new kind of functional material
with excellent performance.[1, 2] Nevertheless, nanostructured
wave-absorbing materials alone do not satisfy the require-
ments for their practical application. Currently, the top chal-
lenge in this field is how to achieve broadband absorption,
which requires not only approximate electromagnetic parame-
ters, but also adequate parameter stabilities and disperse char-
acteristics.[3–5] However, to attain light, thin, and compatible
wave-absorbing materials, advanced material and technology
must be applied. Thus, it has become an important task to de-
velop high-performance material systems with controllable
electromagnetic parameters in the field of stealth materials.

At present, many research teams have discovered the special
electromagnetic characteristics of nanomaterials and some of
them have reported remarkable achievements.[6] Watts et al. re-
ported the conductivity and permeability behavior of carbon-
nanotube nanocomposites that have notable high permittivity
and permeability in the X band (8–12 GHz).[7, 8] Terada et al.
studied the wave-absorption property of Fe3C/carbon nano-
composites and obtained materials with absolute reflection
loss over 20 dB in the frequency 6–14 GHz for the absorbers
with a respective thickness of 1.5–3 mm.[9] Liu et al. developed
ferric nanowire nanocomposites possessing an absolute reflec-
tion loss over 20 dB at 5.6–18 GHz with an absorber thickness
of 1.3–4.0 mm and up to 47 dB at 9.4 GHz with a thickness of
2 mm.[10] Chen et al. discovered that a zinc oxide nanowire/
polyester nanocomposite possesses a relatively good electro-
magnetic wave-absorption property in the X band.[11] A study
by Zhou et al. showed that a zinc oxide nanowhisker nano-
composite coating displays a favorable wave-absorption prop-
erty, which could be adjusted by changing the loading or mor-
phology of the nanowhisker.[12] Wu and Kong investigated the
dielectric property of a multiwalled carbon nanotube (MWCNT)
nanocomposite under high frequency. The results showed that
as the loading of the MWCNTs rises, the dielectric constants of
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the nanocomposite increases and the dielectric relaxation and
conductivity are reinforced, which shows a high dielectric re-
sponse.[13] In recent years, lower-dimensional materials such as
Fe3O4,[14, 15] ZnO,[16] CdS/Fe2O3,[17] MnO2,[18] and so forth stepped
onto the stage of wave-absorbing materials and revealed ex-
traordinary properties. Our research team recently discovered
that the complex symmetrical CuS nanostructure has superior
wave-absorption property[19, 20] as well as the phenomenon that
a conductor and semiconductor can generate a synergistic
effect and enhance the wave-absorption property.[21, 22]

In this study, we synthesized a one-dimensional bismuth sul-
fide nanomaterial on a large scale through a simple hydrother-
mal method.[23] Then, Bi2S3/paraffin and Bi2S3/polyvinylidene
fluoride (PVDF) were fabricated to investigate the electromag-
netic parameters and absorption properties of the nanocom-
posites. We made a special effort to investigate and study the
relationship between the change of filler loadings and proper-
ties and to try to reveal the variation rules of the wave-absorp-
tion property as well as the enhancement mechanism.

Results and Discussion

The phase purity and crystal structure of the Bi2S3 nanorods
were examined by XRD, as shown in Figure 1. All of the peaks
match well with Bragg diffractions, and all of the diffraction

peaks can be exclusively indexed to a pure orthorhombic
phase of Bi2S3 with lattice parameters of a = 11.13 ", b =
11.28 ", and c = 3.979 " (space group: Fm3m), which matches
well with the reported values (JCPDS 17-0320) shown in red.
No peaks for other phases were detected, which indicates the
high purity and crystallinity of the samples obtained as report-
ed.

The morphologies of the as-synthesized Bi2S3 are revealed
by the SEM image in Figure 2a. It is observed that the products
are Bi2S3 nanorods with a typical length of about 1 to 2 mm
with some other shorter rods of different lengths, which seem
to be fragments of the longer ones.[24] The diameter of the
rods ranges from 90 to 120 nm. Figure 2b shows the field-
emission scanning electron microscopy (FESEM) image of the
product and the elemental maps of Bi and S in the rectangular
area. The density of points in a different color for each element

suggests the stoichiometric ratio of the two elements in this
compound, which can also be calculated from the energy-dis-
persive X-ray analysis (EDAX) spectrum at the bottom left of
Figure 2b.

As demonstrated in Figure S1 in the Supporting Information,
the nanocomposite membrane of Bi2S3/PVDF obtained through
the method reported herein inherits the processability and
flexibility of the polymer. In this study, several characterization
approaches were employed to reveal the structure and mor-
phology of the membranes along with a good dispersion of
Bi2S3 particles in the polymer matrix.

Figure 3a presents the XRD patterns of the as-prepared
nanocomposite membranes loaded with Bi2S3 nanorods of 10,
20, 30, and 40 wt % content. As shown in Figure 3, some dif-
fraction maxima of the Bi2S3 powder vanished or decreased
after being mixed into PVDF, such as the crystal faces (211),
(351), and (431). At the same time, some of the other main
maxima such as (130), (240), and (220) were still present and
some were even enhanced. These transformations may be as-
cribed to the embedding effect of the polymer matrix and are
also very possibly related to the tendency of the directional
alignment of the nanorods.[22]

To study the inner structure of the nanocomposites, the
membrane with a filler content of 40 wt % was fractured in an
environment of low temperature provided by liquid nitrogen.

Figure 1. XRD pattern of the as-synthesized Bi2S3 nanorods.

Figure 2. a) SEM image of the as-synthesized Bi2S3 nanorods. b) FESEM
image of the Bi2S3 nanorods with the corresponding elemental mapping
images of S and Bi and the EDX elemental analysis.
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Afterwards, SEM and EDX analyses was carried out on the frac-
ture surface. Figure 3b shows the micrograph of the fractured
surface; it shows that Bi2S3 nanorods interlace with each other
and most are parallel to the surface of the film. The fuzzy parts
throughout are attributable to the PVDF matrix. The EDAX ele-
mental maps of Bi and S, in the nanoparticles, and C, in the
polymer, are presented in Figure 3c, which illustrates the ho-
mogeneous dispersion of the Bi2S3 nanorods in the PVDF
matrix. This result was also confirmed by the EDAX element
spectrum of the fractured surface, which is shown in Figure S2
in the Supporting Information.

In this study, the wave-absorption properties of the materials
were generally measured by the reflection loss (RL) coefficients
as was done in many of our former studies and other re-
ports.[18–22, 25] The RL coefficients of pure PVDF and the nano-
composites were calculated by using the measured relative
complex permittivity and permeability values. According to the
transmission line theory, the RL coefficient (dB) of an electro-
magnetic wave under the normal incidence at the surface of
a single-layer material backed by a perfect conductor at
a given frequency and material thickness can be calculated
through Equations (1) and (2):[26]
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in which Zin is the input impedance of the absorber, R repre-
sents the reflection loss, er is the complex permittivity, mr is the
relative complex permeability (the mr values of Bi2S3 are regard-
ed as 1, given that the material possesses no notable magnet-
ism), f is the frequency of the microwaves, d is the thickness of
the absorber, and c is the velocity of light in a vacuum.

Figure 4 shows the calculated theoretical RLs of the Bi2S3/
paraffin nanocomposites with different loadings (10, 20, and
40 wt %) and different thicknesses in the frequency range of 2–
18 GHz. Since a paraffin matrix is transparent to microwaves,
these results are generally regarded as the wave-absorption ca-
pacities of the filler itself (that is, Bi2S3 in this study) for further
comparison with other nanocomposites. As is illustrated in Fig-
ure 4a–c, the RLs of the Bi2S3/paraffin nanocomposites vary dis-
tinctly at different microwave frequencies and absorber thick-
nesses, and generate absorption peaks in the figure. Neverthe-
less, the values of the RLs are rather high; the minimum is only
about $4 dB of 10 and 20 wt % loaded nanocomposites and
about $7 dB of 40 wt % loaded ones. Moreover, the RLs in-
crease slowly with the increase of the Bi2S3 content in paraffin
according to the results, which can be more concisely ob-
served in Figure 4d for the RL curves of Bi2S3/paraffin nano-
composites with different loadings and the same thickness of
3.5 mm.

In the same way, RL values in the frequency range of 2–
18 GHz for Bi2S3/PVDF nanocomposites with different thick-
nesses and loadings were obtained and are demonstrated in
Figure 5a–c. The calculations of Bi2S3/PVDF and Bi2S3/paraffin
nanocomposites with different loadings and the same thick-
ness of 3.5 mm are also showed in Figure 5d for comparison.
On the one hand, the wave-absorption properties are remarka-
bly enhanced after replacing paraffin with PVDF in the nano-
composites, which can be observed directly in Figure 5d. The
maximum RL reaches $32 (10 wt % at 10.7 GHz), $22 (20 wt %
at 9.0 GHz), and $29 dB (40 wt % at 13.4 GHz) and instead of
large areas, intensive absorptions arise in some narrow range
of frequency and thickness, which result in sharp peaks in the
diagrams. On the other hand, as more Bi2S3 nanorods are

Figure 3. a) XRD patterns of the Bi2S3/PVDF nanocomposite membranes
loaded with Bi2S3 nanorods of 10, 20, 30, and 40 wt %. b) SEM micrograph of
the fracture surface of the nanocomposite membrane. c) EDAX elemental
maps of Bi, S, and C on the fracture surface.
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added to PVDF, the Bi2S3/PVDF nanocomposites tend to show
absorptions in broader areas or as series of sharp peaks like
the diagram in Figure 5c. According to Figure 5e, Bi2S3/PVDF
nanocomposites with 40 wt % loading attained a reflection loss
of less than $10 dB in the frequency range from 3.6 to
17.0 GHz with an absorber thickness of 2.0–5.0 mm, which is
generally considered to be a broadband wave-absorbing mate-
rial.[9, 10] The enlargement of the absorption range is quite ben-
eficial to many electromagnetic shielding materials that are
supposed to reduce electromagnetic waves over a wide fre-
quency range. In addition, the frequency of the minimum RLs,
corresponding to the maximum absorptions, can be tuned by
altering the absorber thickness. As the absorber thickness in-
creases, the minimum RL frequency tends to shift toward
lower values.

The relationship between the Bi2S3 nanorod loadings in
PVDF and the RLs of the samples remains vague on the basis
of the acquired results so far. Different from Bi2S3/paraffin, the
RLs did not increase when more nanorods were added to the
nanocomposites; the enhancement in wave-absorption prop-
erty of Bi2S3/PVDF was more apparent when the loading was
relatively lower, which means that samples with lower loadings
possess higher maximum absorptions ($32 dB for 10 wt %). As
a larger amount of Bi2S3 is introduced into the system, the

maximum absorption decreases
at the beginning ($22 dB for
20 wt %) and then it rises slowly
($29 dB for 40 wt %), which is
different from most of our
former studies.[19, 20] The variation
can also be observed in the RL
curves of Bi2S3/PVDF nanocom-
posites with different loadings
and the same thickness of
3.5 mm as shown in Figure 5d.
From another perspective, sam-
ples with higher loadings tend
to consume waves in broader
frequency ranges. These results
indicate that the microwave loss
mechanism of Bi2S3/PVDF nano-
composites is substantially com-
plex and far more than the nu-
merical addition of Bi2S3/paraffin
and pure PVDF.

The dielectric loss, generally
concerning the dipolar polariza-
tion and electric polarization of
the mesoscopic and microscopic
structures of a material, plays
a significant role in the wave-ab-
sorption properties of dielectric
media.[27] Figure 6 presents the
frequency-dependent real (e’)
and imaginary (e“) parts of the
complex permittivity of the two
nanocomposites with various

Bi2S3 loadings. The real part of the permittivity indicates the
polarization extents, and the dielectric loss is calculated
through dividing the imaginary part by the real part. The die-
lectric loss tangents of both Bi2S3/paraffin and Bi2S3/PVDF with
different loadings are demonstrated in Figure S3 in the Sup-
porting Information. In Figure 6a, the nanocomposites with
a higher mass percentage of Bi2S3 nanorods clearly attain
a higher real permittivity, both in Bi2S3/paraffin and Bi2S3/PVDF.
A similar connection can be recognized in the imaginary per-
mittivity curve in Figure 6b, except that high imaginary permit-
tivities at different frequencies emerge as the loading changes.
Furthermore, both the real and imaginary parts of the permit-
tivity are significantly enhanced when fabricating the nano-
composite of Bi2S3/PVDF compared with pure PVDF. This phe-
nomenon is generally ascribed to a synergistic effect, which
proposes that the mutual effect between the components of
the nanocomposite creates additional microwave loss mecha-
nisms.

Debye dipolar relaxation is a crucial mechanism through
which the inorganic–organic composite can absorb micro-
waves, as reported in our former studies.[18, 19, 21] In a Debye re-
laxation process, the relationship between the real part (e’)
and imaginary part (e’’) could be expressed by Equa-
tion (3).[19, 25, 28]

Figure 4. Reflection losses of Bi2S3/paraffin at various thicknesses in the frequency range of 2–18 GHz with differ-
ent loadings of a) 10, b) 20, and c) 40 wt %. d) RL curves of Bi2S3/paraffin nanocomposites with different loadings
and same thickness of 3.5 mm.
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in which es and e1 are the static permittivity and relative die-
lectric permittivity at the high-frequency limit, respectively.
Thus, the plot of e’ versus e’’ would be a single semicircle, gen-
erally denoted as the Cole–Cole semicircle. The e’–e’’ curves of
pure PVDF are demonstrated in Figure S4 and the e’–e’’ curves
of different nanocomposite samples are given in Figure S5. As
presented in Figure S5, several semicircles can be recognized
in each diagram, which indicates the universal existence and
vital function of Debye relaxation in wave-absorption process-

es. There is also one semicircle
observed in Figure S4, which
suggests that this relaxation pro-
cess may also exist in pure PVDF.
The increase of nanocomposite
loadings apparently changes the
relaxation process, but the con-
nection remains unclear.

Maxwell–Wagner relaxation is
another loss mechanism in
wave-absorption processes.[25, 28]

In heterogeneous media like
nanocomposites, charges accu-
mulate at the interfaces and
large dipoles form on particles
or clusters. When electromagnet-
ic waves propagate in the nano-
composites, the interfacial polari-
zation (also called the Maxwell–
Wagner effect) consumes a lot of
waves. The interfaces between
the Bi2S3 nanorods and PVDF
formed in the nanocomposites
during the synthesis process.
Thus, Maxwell–Wagner relaxa-
tion is one of the factors that
lead to a better wave-absorption
property (both maximum ab-
sorption and the range) with
higher loadings.

In addition, free-electron
theory reveals that [Eq. (4)]:

e00 / s

2pe0f "4#

in which s is the electrical con-
ductivity. The relationship indi-
cates that an increased conduc-
tivity of composites results in
a stronger dielectric loss. Semi-
conductor Bi2S3 has relatively
good electrical conductivity, thus
the addition of Bi2S3 shall result
in considerable enhancement in

the conductivity of the fabricated Bi2S3/PVDF nanocomposite
and lead to better wave-absorption properties.

Conclusion

Wave-absorption properties were studied by comparison of
the nanocomposites of Bi2S3/paraffin and Bi2S3/PVDF with the
same filler loadings. The results confirmed that the introduc-
tion of Bi2S3 nanorods to PVDF can significantly enhance the
wave-absorption property of the nanocomposites. Samples
with relatively lower loadings were found to exhibit a better
maximum absorption ($32 dB for 10 wt % at 10.7 GHz); as

Figure 5. Reflection losses of Bi2S3/PVDF at various thicknesses in the frequency range of 2–18 GHz with different
loadings of a) 10, b) 20, and c) 40 wt %. d) Reflection loss curves of Bi2S3/PVDF and Bi2S3/paraffin nanocomposites
with different loadings and the same thickness of 3.5 mm. e) Reflection loss curves of 40 wt %-loaded Bi2S3/PVDF
at various thicknesses in the frequency range of 2–18 GHz.
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a larger amount of Bi2S3 was added to the system, the maxi-
mum absorption decreased at the beginning ($22 dB for
20 wt % at 9.0 GHz) and then increased slowly ($29 dB for
40 wt % at 13.4 GHz). The reflection loss of the Bi2S3/PVDF
nanocomposite with 40 wt % loading reached less than
$10 dB in the frequency range from 3.6 to 17.0 GHz with an
absorber thickness of 2.0–5.0 mm, which shows it to be
a promising broadband wave-absorbing material. Finally, loss
mechanisms of Bi2S3/PVDF with different loadings were dis-
cussed depending on their dielectric behaviors. The enhance-
ment mechanism of the wave-absorption properties is general-
ly ascribed to Debye dipolar relaxation, Maxwell–Wagner relax-
ation, and electron polarization in the system.

Experimental Section

All of the reactants and solvents were of analytical grade and were
used without further purification.

Synthesis of Bi2S3 nanorods

The bismuth sulfide nanorods were synthesized by the reaction of
bismuth chloride (BiCl3) and sodium sulfide (Na2S) in a homogene-
ous aqueous solution, as was reported in a former study.[23] To be
precise, BiCl3 (1.9 g, 6 mmol) was added to deionized water (8 mL)
with agitation, and concentrated hydrochloric acid (HCl, 36 %, ca.
2 mL) was added dropwise to dissolve the white precipitate (BiOCl)
generated in the previous step. Separately, sodium sulfide
(Na2S·9 H2O; 2.4 g, 10 mmol) was dissolved in deionized water

(5 mL). Finally, these two solutions were mixed in a 100 mL Teflon-
lined stainless-steel autoclave, sealed and maintained at 180 8C for
12 h. After that, the mixture was cooled to room temperature natu-
rally and the solid product was filtered, and washed with deionized
water and absolute ethanol several times. Finally the obtained
sample was dried in air.

Preparation of Bi2S3/paraffin and Bi2S3/PVDF nanocompo-
sites

To measure the microwave-absorption properties of the pure Bi2S3

nanorods, the specimens were prepared by adding the product to
a paraffin matrix, which is transparent to microwaves, through
heating and an ultrasonic dispersion method. The Bi2S3/PVDF nano-
composite was prepared by dispersing and dissolving the desired
amount of sample powder as well as the PVDF powder together in
N,N-dimethylformamide (DMF; 30 mL) under magnetic stirring.
After repetitious agitation and ultrasonic dispersion for about 2 h,
the mixture was poured onto a glass culture dish and dried at
80 8C for 24 h to form a thin film.

Characterization

The purity and crystalline structure of the products were confirmed
by XRD analyses, recorded on a (Philips X’Pert Pro Super) X-ray
powder diffractometer with CuKa radiation (l= 0.154056 nm). The
grain morphology and size were observed by sputtering with gold
for SEM on a KYKY-1010B microscope and FESEM on a JSM-6700F
microscope. In addition, EDX measurements were conducted on
an electron spectroscopy for chemical analysis ESCAPlus spectrom-
eter from Oxford Instruments.
Those two nanocomposites were pressed to form hollow cylindri-
cal compacts (Fout = 7.00 mm, Fin = 3.04 mm) in a mold under 4–
6 MPa for the microwave-absorption measurement. The processing
of Bi2S3/PVDF film should be in a heated environment at 220 to
230 8C. Maintain the temperature and pressure conditions for
around 5 min, and then cool it in the natural way to room temper-
ature. Then the relative permittivity values were measured in the
range of 2–18 GHz through a coaxial wire method using an Anritsu
37269D network analyzer.
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