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Abstract

Polyaniline (PANI) with different nanostructures has been synthesized through a simple chemical oxidation method without
using any hard or soft templates. A correlation between structure, chemical construction, electrical conductivity, and electro-
magnetic shielding properties were extensively investigated. The obtained PANI nanostructures exhibit various morpholo-
gies by just simply changing the doping acids. The PANI doped with hydrochloric acid (denoted as PANI-HCI) and doped
with camphorsulfonic acid (denoted as PANI-CSA) exhibite the “holothurian-like” morphology, while the PANI doped with
phosphoric acid (denoted as PANI-H;PO,) presents the nanofiber structure. The “holothurian-like” structure showed larger
diameters and length than the nanofibers. During the three samples, the PANI-CSA exhibits the highest electrical conduc-
tivity (1.28+0.17 S cm™") due to the large oxidation extent, crystallinity, and crystallite size. An excellent electromagnetic
interference (EMI) shielding effectiveness (SE) as 20.7 dB of PANI-CSA was achieved with the thickness of only 0.35 mm.
All these samples present an absorption-dominated shielding mechanism. Moreover, the SE values obtained from the experi-
ments are higher than the theoretical calculations. All these above results indicated that the EMI shielding performance
and dielectric permittivity were strongly affected by the microstructure and the chemical construction. We believe that this
one-step procedure represents a promising protocol to control the nanostructures and properties of PANI for applications

as advanced EMI shielding materials.

1 Introduction

With the rapid development of electronic equipment and the
high device density, electronic equipment generates severe
electromagnetic irradiation. The electromagnetic interfer-
ence (EMI) is also harmful to human health. This novel sort
of pollution provides a strong motivation for developing
EMI shielding materials to ensure the proper functions of
the electronic equipment and safety of human beings [1-6].
Compared with the conventional metal-based materials,
intrinsically conducting polymers (ICPs) are new alterna-
tive candidates for EMI shielding applications because of
their lightness, good processability and excellent environ-
mental stability [7, 8]. Among these conducting polymers,
polyaniline (PANI) has shown great potential for practical
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applications due to its facile synthesis, acid-doping/base-
dedoping chemistry, low cost, and design flexibility [9, 10].
For instance, the PANI films were successfully grown over
three-dimensional hybrid carbon assemblage substrate and
EMI SE of 21 dB could be obtained in the Ku band [11].
PANI was dispersed into insulative styrene acrylonitrile to
endow the light weight composite EMI shielding properties
[12]. The electromagnetic shielding properties for the PANI-
coated bagasse fiber composite could be enhanced due to the
improved conductivity and the core—shell architecture [4].
During these PANI-based materials, PANI with fine
nanostructures presents a more unique and advanced prop-
erties. Great efforts have been devoted to regulate the nano-
structure of PANI. For example, the f-naphthalene sulfonic
acid was used as the soft template to control the growth of
PANI. The morphologies of obtained PANI were changed
from nanotubes to microspheres [13]. PANI nanofibers
was fabricated without using any templates by the gal-
vanostatic method [14]. Although considerable research
has been accomplished, many available techniques have
some inherent disadvantages that limit their widespread
applications. Specific examples include the harsh reaction
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conditions, requirement for multistep procedures and com-
plicated instrumentation. Thus, facile and versatile strate-
gies for the fabrication of PANI with fine nanostructures
are much desired. Most recently, it was reported that PANI
nanofibers exhibited high electrical conductivity due to their
large aspect ratio [15]. It is believed that the formation of
the electrically conductive network is affected by the nano-
structure size of the material. Thus, the electrical property
is strongly correlated with nanostructures of PANI. It is well
documented that the improved conductivity will result in
the enhanced EMI shielding performance [16]. As a conse-
quence, we are intrigued by the opportunity to manufacture
the PANI with fine nanostructures to obtain the superior
EMI shielding materials and investigate their underlying
EMI shielding mechanism.

In this research, we developed a template-free approach to
synthesize the PANI with the controlled nanostructure. The
effects of doping acid on electrical conductivity, EMI SE and
dielectric properties were extensively studied. These results
showed that the nanostructure of PANI plays an important
role on the electrical properties which affect directly on the
total shielding effectiveness. Moreover, the different mecha-
nisms that contribute in the shielding efficiency was also
discussed.

2 Experiment
2.1 Materials

Aniline (99% purity) and L.(—)-camphorsulfonic acid (CSA)
(98%) were purchased from J&K Chemicals. Hydrochloric
acid (HCI) (36.0-38.0%), phosphoric acid (H;PO,) (85%)
and ammonium peroxydisulfate (APS) were obtained from
Beijing Chemical Works. Aniline was purified through dis-
tillation under reduced pressure before use. The other prod-
ucts were used directly without purification.

2.2 Synthesis of PANI

The PANI was fabricated as the followings. The 1 M acid
solution was firstly prepared. The solution was divided into
two equal parts labelled solution A and solution B. The tem-
perature of the above solution was adjusted to 0-5 °C by
using of an ice bath. Aniline monomer was introduced into
solution A and APS oxidant was similarly dissolved in solu-
tion B. The synthesis was achieved by the drop wise addition
of solution B into the solution A. The finally ratio of APS-to-
aniline molar ratio was equal to 1.05. The mixture was kept
stirred at 0-5 °C for 3 h. Finally, the PANI precipitate was
filtered and washed with distilled water and ethyl alcohol
for several times. The resulting powder was dried in vacuum
oven at 60 °C for 24 h. Three doping acids were used in this

@ Springer

study including H,PO,, HCI, and CSA. The PANI doped
with H;PO, was denoted as PANI-H;PO,, the same meaning
for PANI-HCI and PANI-CSA.

2.3 Characterization

The morphology was studied by scanning electron micro-
scope (SEM, FEI Quanta FEG 250). Before imaging, all
the samples were coated with a thin layer of gold. The
Fourier transformed infrared spectroscopy (FTIR) spectra
in the range of 4000-400 cm™' were taken by NICOLET
iZ10 spectrometer. The thermogravimetric (TG) analysis
was recorded using a TA TGA Q5000 (TA Instruments,
Delaware, USA) at a heating rate of 20 °C min~' from room
temperature to 800 °C under a continuous flow of nitrogen
at 40 mL min~". Electrical conductivity measurements were
evaluated by Van der Pauw four-probe method [17] using a
RTS-9 system (Four Probes Tech, Guangzhou, China). The
electromagnetic property, relative complex permeability and
the relative complex permittivity were measured from 8.2 to
12.4 GHz (X-band) using an Agilent E5071C vector network
analyzer (VNA, Agilent ES071C). Two-port TRL calibration
was performed at the beginning of each test sequence in
order to reduce or remove errors [18]. For electromagnetic
characterization and conductivity measurement, the materi-
als with 0.35 mm thickness were molded by applied pressure
of 20 MPa for 3 min. The samples for the relative complex
permeability and the relative complex permittivity testing
were prepared by first dispersing the PANI powder in the
molten paraffin wax, and then the homogeneous mixture was
molded into a rectangular holder with a height of 2.00 mm.
The mass ratio of powder to paraffin was 40:60.

3 Results and discussion
3.1 Morphology

The SEM micrographs of the obtained PANI are shown in
Fig. 1. Nanofibers were found in PANI-H;PO, as depicted
in Fig. 1a, while the primary morphology of PANI-HCI
and PANI-CSA show the “holothurian-like” structure, as
shown in Fig. 1b, c. Thus, the morphologies appear to be
affected by the medium used in the polymerization process.
Additionally, the “holothurian-like” structure showed larger
diameters and length than the nanofibers. For example, the
diameters of both PANI-HCI and PANI-CSA are around
90 + 15 nm, while the PANI-H;PO, is of 75+ 10 nm. The
average length of PANI-CSA is about 470 nm, which is
longer than that of PANI-HCI around 330 nm.

It is well accepted that at the beginning of the reac-
tion, aniline exists as cations in the acid media [19, 20].
The polymerization process was started by adding APS.
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Fig. 1 The typical SEM images of a PANI-H,PO,, b PANI-HCI, ¢ PANI-CSA

Then the formed oligomers ionized and reacted with other
monomers or oligomers to produce PANI. Anilinium cati-
ons have both hydrophilic and lipophilic groups. The ani-
linium cations can form spherical micelles (represented
by micelles A) in the solution before the oxidation. A part
of aniline diffuses into micelles to form micelles B. The
micelles A and B may serve as the templates for the for-
mation of PANI nanostructures. Because the oxidant APS
is water-soluble and can penetrate into the micelles, the
reactions took place mainly at the micelle/water interface
[21]. The micelles become big spheres through accretion
or tubes/fibrils through elongation with the polymerization
proceeding [22, 23]. Obviously, the elongation procedure
dominates the growth of the PANI in this study. The nano-
structures of the resulting PANI are directly related to the
size of micelles. Hence, different morphologies could be
obtained by adopting different acids.

In this research, aniline monomer is considered as
molecular template for the growth of PANI nanofibers
[24]. The formation of PANI chains is always followed
by a rapid precipitation of the polymer. According to the
classical nucleation (or precipitation) theory, the mol-
ecules need to accumulate to a specific supersaturation
level first and then undergo nucleation and growth. The
nuclei can be spontaneously (homogeneously) formed in
the parent phase, or they can be heterogeneously grown on
other species such as reactor surfaces or other particles in
solution [25]. Therefore, we supposed that the H;PO, solu-
tion plays an important role in the connecting of the PANI
particles leading to the self-assembled fibrous structure by
suppressing secondary growth. On the other hand, the HCI1
and CSA solutions result in an increase in the granular
particles over the fibers and “holothurian-like” structure
can be obtained. The previous study also shows the mor-
phology of PANI can be affected by the dopant, and the
chemical structure of the doping acids could influence on
the PANIs’ morphology [26-30].

3.2 FTIR spectroscopy

The FTIR spectra are depicted in the Fig. 2. It can be seen
that similar spectra were exhibited for the obtained PANI.
The band around 3443 cm™! corresponds to the N—H stretch-
ing vibration. The pair of bands near 1578 and 1487 cm™!
are attributed to C=C stretching of quinonoid (N=Q=N)
and benzenoid (N=B=N) rings, respectively [31, 32].
Moreover, C-N stretching of secondary aromatic amine is
observed near 1296 cm™', and the aromatic C—H in the qui-
noid (1130 cm™!) and benzene (795 cm™!) rings could be
distinctly observed [33-35]. Besides, the absorption peaks
in the O—H stretching deformations of doping acids could
be found in 2600-2900 cm™".

The characteristic peak of benzene ring was shift to 1562,
1572 cm™! for PANI-HCI and PANI-CSA, respectively. This
indicates that in the backbone of PANI-HCI and PANI-CSA,
the electron cloud density decreased and the vibration fre-
quency reduced, resulting in more positive electron delocal-
ized to the aromatic rings [36].
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Fig.2 FTIR spectra of PANI doped with different acid
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In general, the intensity ratio of absorption band of aromatic
C—H of the quinoid (1130 cm™") and the benzene (795 cm™)
rings represent the average extent of the oxidation state of the
polymer, which reflects the content of the quinoid and benzene
ring structures [37]:

R= Iquiniod/ Loenzenoid (1)
where R is the intensity ratio, I;,inioq a0d Jepyenoia 1S the inten-
sity of the peak of aromatic C—H in quinoid (1130 cm™!) and
benzene (795 cm™}) rings, respectively. It can be calculated
from the spectrum that PANI-CSA exhibited the largest
R (2.17), followed by PANI-HCI (1.97) and PANI-H;PO,
(1.89). The different oxidation extent produces different dop-
ing densities [37]. It is well known that higher conductivity
of PANI would be achieved with higher doping densities.
Thus, it can be suggested that the different oxidation extent
could further affect electrical properties of PANI.

3.3 X-ray diffraction analysis

It is well-known that the electrical conductivity of a conductive
polymer depends on its crystallinity and the size of the crystal
grains [17]. The peaks at 26 angles of 15.2°, 20.1° and 25.2°
corresponding to (010), (100), and (110) plane reflections [15]
are observed in Fig. 3. The peaks centered at 20.1° and 25.2°
correspond to the periodicities parallel and perpendicular
to the polymer chain, respectively. The peak at 26 of 25.2°
indicates the formation of doped PANI, since this peak is the
characteristic of highly doped emeraldine salt of PANI [38].

The XRD patterns of the crystalline structures can be used
to estimate the average crystallite size, lattice plane d-spacing,
and crystallinity. The average crystallite size of PANI can be
estimated using Scherrer formula [17].

D =094/ cos b 2)

PANI-H, PO,

PANI-HCI

Intensity (a.u.)

E PANI-CSA
(010) (100) (110)

10 20 30 40 50
260(°)

Fig.3 X-ray diffraction patterns of doped-PANI
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where D is the crystallite size, 1 is wavelength of incident
wave (1.5406 A for Cu Ka), /3 is full width at half maximum
(FWHM) of the diffraction peak, and 6 is the Bragg diffrac-
tion angle.

The lattice space is calculated based on the Bragg’s equa-
tion [39]:

nA =2d sinf 3
where n is an integer (usually n=1), 1 is the wavelength,
and d is the spacing between the planes in the atomic lattice.

The lattice space and average crystallite size at (110)
plane and crystallinity of samples are summarized in
Table 1. There was no obvious difference in the lattice space,
while the average crystallite size and the crystallinity signifi-
cantly changes with the doping acid. From Eq. 3, it would be
found that the lattice space is only associated with the dif-
fraction angle 26. The (110) planes of all samples are located
at almost the same 26 value without any obvious peak shift.
As can be seen from Table 1, PANI-CSA has the largest
crystallite size among the samples, which followed by PANI-
HCI, and PANI-H,PO, is with the smallest crystallite size.
Crystallite size is decided by the diffraction angle and the
FWHM. A narrow peak indicates a smaller FWHM and
an increased crystallite size. Compared with PANI-H;PO,
and PANI-HCI, a sharp and narrow peak of (110) plane is
observed of PANI-CSA (Fig. 3). Thus, the crystallite size of
the PANI-CSA is higher than other two samples.

3.4 Electrical conductivity

Figure 4 shows the conductivity of PANI-HCI, PANI-H;PO,,,
and PANI-CSA. The PANI-H,PO, displayed the lowest
conductivity of 0.84+0.10 S cm™'. PANI-HCI and PANI-
CSA possess electrical conductivities of 1.22+0.16 and
1.28+0.17 S cm™!, respectively. It is well accepted that the
conductivity of PANI is mainly influenced by the chemical
construction and crystal properties. The hydroxyl in the PANI-
CSA generated the electron repulsion effect, which increased
the conjugative effect in the PANI backbone and improved
the conductivity. Meanwhile, the large crystal grain result in
higher electrical conductivity [17]. The change in conductivity

Table 1 Diffraction angle, FWHM, lattice spacing, the average crys-
tallite size of (110) lattice plane and crystallinity of PANI-H;PO,,
PANI-HC], and PANI-CSA

Designation PANI-H;PO, PANI-HCI PANI-CSA
20 (°) 25.18 25.12 25.19
FWHM (°) 1.80 1.34 1.29
Lattice spacing (d) (A)  3.53 3.54 3.53
Crystallite size (D) (A) ~ 44.15 59.29 61.61
Crystallinity (%) 17.24 19.74 20.87
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Fig.4 The effect of doping acid on the conductivity of PANI

is consistent with FTIR and XRD results. Moreover, the pro-
trusions on the fibers surface of PANI-CSA and PANI-HCI
promote electron transfer between the adjacent fibers, which
also increase the electrical conductivity.

3.5 EMi shielding effectiveness

EMI SE is the measurement of shielding against the penetra-
tion of electromagnetic radiation into a material. It can be
defined as follows [4]:

SE = 10log(P,/P) 4)

It is evident that for a lossless material:

Py =Py +Pr +P, 3)
where Py is the power of transmitted wave and Py is the
power of incident wave (1 mW), Py is the reflected power
density at same measuring point, P, is the absorbed power
[40, 41].

The SE value and the conductivity are related in the form:

SE = 20log(1 + ¢dZ, /2) 6)

where o is the conductivity (S cm™!) of the sample, d is the
thickness, and Z, is the free-space wave impedance (377
ohm).

The overall EMI SE in the X-band of PANI-HCI, PANI-
H;PO, and PANI-CSA are illustrated in Fig. 5. The SE values
for PANI-HCI and PANI-CSA are about 20.7 dB, while the
SE for PANI-H;PO, is about 17.1 dB. This result is consistent
with the general rule that the SE is proportional to the material
conductivity, as illuminate in Eq. (6).

In order to clarify the EMI shielding mechanism, net shield-
ing by reflection loss (SEy) and absorption loss (SE,) were
calculated using the power balance data. Equations (7) and (8)
are the mathematical interpretation of definitions [16].

PI
SEg = 101log =P, @)

—=—PANI-H,PO,
—e—PANIL-HCI

20-%

— —

Shielding Effectiveness (dB)

8 9 10 ¥ 12
Frequency (GHz)

Fig.5 EMI SE as a function of frequency for the PANI-H;PO,
PANI-HCI, and PANI-CSA

SE, = 101og ;T R ®)

Moreover, a theoretical analysis is conducted for fur-
ther understand the electromagnetic shielding mechanism.
Equations (9) and (10) are developed to quantify the con-
tribution of reflection and absorption to the overall EMI
SE.

c

SEg =39.5+ 101
R + og 21l 9)

SE, =8.7dy/zfuc (10)

where u is the material’s magnetic permeability (u=gu,),
po =41 x 1077 Hm™!, u, is the material’s relative magnetic
permeability [42].

Table 2 presents a comparison between the experimen-
tal results and the theoretical prediction of the doped-
PANT at the frequency of 10 GHz. It was observed that the
values of SE, were larger than SEy for both experimental
and theoretical results. Therefore, the obtained PANI pre-
sents a shielding effectiveness by absorption mechanism.
In addition, the experimental values of the overall EMI
SE, SE,, and SEy are much larger than the theoretical
predictions for all the samples. The difference between
experimental and theoretical results may be attributed
to the facts that assumptions taken in derivation of used
simplified equations and the theoretical model ignores the
multiple-reflection effect. From the above discussion, it
could be deduced that for such type of PANI with fine
nanostructure, the complex internal surface reflection and/
or absorption of electromagnetic wave were induced by
their unique nanostructure. The multiple-reflection effect
was increased significantly by the complex fine structure.
Thus, the total EMI SE enhanced compared to the theoreti-
cal predictions.
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Table 2 Comparison between

Designati Electrical conduc-  SE dB SE, (dB SEg (dB
EMI SE data experimentally esignation tiv?tcyrzgacrfl(lr}) e o (4B) 2 (4B) x ([4B)
obtained and theoretically Exp. Theory Exp. Theory Exp. Theory
calculated for the doped-PANI
(10 GHz) PANI-H,;PO, 0.84+0.10 17.05 6.91 12.31 5.56 4.73 1.35
PANI-HC1 1.22+0.16 19.83 9.67 14.89 6.70 4.94 297
PANI-CSA 1.28+0.17 20.71 10.04 14.74 6.86 597 3.18

3.6 Dielectrical and magnetic properties

Apart from electrical conductivity, the relative complex
permittivity and permeability are also important factors in
determining electromagnetic properties. The complex die-
lectric constant can be separated into its real part (¢') and
imaginary part (¢"). €' is known as dielectric constant or
relative permittivity, while £” is known as loss factor or die-
lectric loss. The complex permittivity €, (¢,=¢' — je") of the
doped-PANI are shown in Fig. 6a, b. The &’ values is same
with the law of conductivity. The high permittivity reflects
the high electric flux in materials due to the enhanced polari-
zation of electron clouds. In this study, the highest permit-
tivity was detected in the PANI-CSA. This result is similar
with the previous studie [41, 43].

Figure 6¢, d shows the real part (¢') and the imaginary
part (u") of the permeability of the samples. The value of u’
and u" represent the capability for magnetic energy storage
and loss, respectively. The values of u' and u” for all the
samples are around 1 and 0, respectively. Both u’ and u"

exhibit relatively low values for all of the samples compared
with the &’ and ¢". This indicates that all obtained PANI is
non-magnetic material. Thus the main contribution of the
microwave loss should come from their dielectric loss [41].

4 Conclusions

The acid doped-PANIs with effective EMI shielding abil-
ity were synthesized by a simple chemical oxidation strat-
egy. The doping acids with different polarities lead to the
self-assembly of PANI particles into fine nanostructures by
inhibiting secondary growth. The PANI-H;PO, shows the
nanofibers morphology, while the PANI-HCI and PANI-
CSA present the “holothurian-like” structure. The results
indicated that morphology and chemical constitution of
PANI would be controlled by doping acid, which would
further affect on the electrical and the EMI shielding prop-
erties. Moreover, the absorption is dominated to the total
EMI SE of 20.7 dB for PANI-CSA at a thickness of 0.35 mm

Fig.6 The real a and the imagi- 10
nary b part of permittivity of

(a)

—e—PANI-HCI

doped-PANI, the real ¢ and the sk —a—PANI-CSA
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I I Mm""‘\%
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[
T

0 ) s

~—ea— PANI-H PO, —&—PANI-H PO,
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(5}

I I 0 L 1 1 1
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suggests the usefulness of the material for electromagnetic
shielding. The main contribution of the microwave loss
comes from the dielectric loss.
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