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Introduction

ABSTRACT

Polypyrrole nanotube/ferrocene-modified graphene oxide composites (PNT/
GO-Fc, PNT/GO-Fc-GO, PNT/GO-EDA-Fc and PNT/GO-EDA-Fc-EDA-GO)
were fabricated via in situ chemical oxidative polymerization. The prepared
composites were characterized by FTIR, XRD, XPS, Raman, TGA, SEM, TEM
and EDS. The electromagnetic interference shielding performance of the pre-
pared composites was evaluated by a coaxial method within the frequency
range of 1.0-4.5 GHz. The results demonstrated that the composite of PNT/GO-
EDA-Fc-EDA-GO-7:1 exhibited the best electromagnetic interference shielding
property with 28.73 dB (at the frequency of 1.0175 GHz with the thickness of
3.0 mm) of total shielding effectiveness by adding 50 wt% of the composite in
the paraffin matrix. And the composite of PNT/GO-EDA-Fc-EDA-GO-7:1
exhibited good conductivity with a value of 1.320 S/cm. The relationship
between the conductivities of prepared samples and the EMI shielding perfor-
mance was investigated.

electrical equipment [1, 2]; however, the accompa-
nying electromagnetic (EM) pollution cannot be
ignored either. EM radiation not only affects the use

The rapid development of modern science and tech-
nology has brought about convenient wireless com-
munication equipment, navigation systems and
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of precision electronic equipment but also pose a
threat to human health [3-5], so the EM pollution
problem has aroused people’s extensive attention.
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Electromagnetic interference (EMI) shielding materi-
als are commonly used to reduce EM pollution [6, 7].
High EMI shielding performance is achieved mainly
by the electrical loss, magnetic loss and multiple
reflections loss provided by porous structure, and the
electrical loss plays a major role in many systems.
Conductive polymer is a typical electrical loss mate-
rial; moreover, conductive polymer-based compos-
ites have become one of the most commonly used
EMI shielding materials due to their advantages of
good environmental stability and electrical conduc-
tivity [8, 9]. Among them, the representative con-
ductive polymer, polypyrrole (PPy), has aroused
great interest among researchers due to its high
conductivity, environmental stability, easy synthesis
and redox properties [10-12]. Nowadays, PPy has
been widely used in various fields such as superca-
pacitors [13], sensors [14], anti-corrosion materials
[15], electrode materials [16] and EMI shielding
materials [17, 18]. PPy has a variety of micro-nanos-
tructures such as globule, nanowire, nanofiber,
nanorod and nanotube [19]. In recent years, poly-
pyrrole nanotube (PNT) has received great attention.
Vladimir Babayan et al. [20] reported on the
PNT/wood chip composite and tested its shielding
effectiveness in the 5.85-8.2 GHz frequency band.
The results showed that total shielding effectiveness
(SEt) exceeded 60 dB when the addition amount of
PNT was 33 vol.%, which is a very efficient EMI
shielding material.

To obtain better conductive properties and
mechanical properties at lower conductive polymer
additions, scientists usually incorporate conductive
polymers with carbon materials such as graphene
oxide (GO) [21, 22] and carbon nanotubes (CNTs)
[23-26], which possess the properties of large specific
surface area, excellent conductivity and mechanical
strength. GO is derived from the oxidation of gra-
phene and has a two-dimensional layered structure.
The layer contains a large amount of oxygen-con-
taining functional groups such as hydroxyl, epoxy
and carboxyl groups, so GO has excellent dis-
persibility, which is convenient for further processing
and modification [27]. GO is used as EMI shielding
materials, on whose surface the various oxygen-con-
taining functional groups and defects are conducive
to the impedance matching and polarization effect of
the composite materials, thereby improving the EMI
shielding ability of the composite materials [28].
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Ferrocene is a typical organometallic compound
and also the earliest found sandwich metallocene
complex. Its structure is two parallel cyclopentadiene
rings and one Fe atom in the sandwiched position.
Similar to aromatic compounds, ferrocene is very
stable and can undergo electrophilic substitution
reactions, so it can be introduced into other com-
pounds through reactions between functional
groups. Ferrocene-modified carbon materials are
mainly used in the fields of electrode materials for
supercapacitors [29], electrochemical detection [30],
sensors [31] and other fields due to their superior
redox properties, which are conducive to electron
migration. Karthick et al. [32] introduced ferrocene
into GO to form nanocomposites through non-cova-
lent modification and tested its electrochemical
properties. The results demonstrated that ferrocene
molecules had reversible single electron oxidation
potential, and the electronic structure of GO could
enhance the response current of ferrocene. Gao et al.
[33] also studied the non-covalent modification of
ferrocene GO. Due to the constraint effect of n—=
conjugated system, the thermal stability of interca-
lated ferrocene compounds was improved, and the
sublimation temperature of intercalated ferrocene
compounds increased by about 200 K compared with
that of the main ferrocene compounds. However,
non-covalently modified GO with ferrocene may
have problems such as easy removal of ferrocene
during the subsequent preparation of composites and
processing. The functionalization of GO covalent
bond not only improves the dispersion stability of
GO lamellas in various solvents, but also improves
the compatibility of GO lamellas with polymer
matrix. Teimuri-Mofrad et al. [29] grafted GO
nanosheets with ferrocene-based compounds by ini-
tiating ring-opening polymerization of ferrocene-
based ethylene oxide on GO surface. Rabti et al. [34]
introduced ferrocene-based carboxylic ester com-
pounds onto the surface of reduced graphene oxide
(rGO) by the method of azene chemistry through
covalent bonds. Although ferrocene-based com-
pounds can also interact with GO or rGO n—n accu-
mulation through long alkanes of flexible chains, this
interaction will be weakened due to the increasing
distance in space, thus affecting the electron migra-
tion rate in the system. Jin et al. [35] covalently
combined small ferrocenylaniline with rGO through
—COOH on the surface of rGO. However, the content
of -COOH on the surface of rGO is limited, and the
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ferrocene-based compounds that can be introduced
are limited. Zhou et al. [36] used ethylenediamine to
open the ring of the epoxy groups on the GO surface
and then reacted ferrocene monoformyl chloride with
ethylenediamine modified GO, thus covalently
binding the ferrocene groups to GO. However, the
improvement of electron migration rate in this sys-
tem is limited.

The combination of PNT, GO and ferrocene is
expected to fabricate good EMI shielding perfor-
mance materials. Herein, we use active groups such
as hydroxyl and epoxy groups on the surface of GO
to graft ferrocene as much as possible to form larger
n—n stacking systems; it can accelerate electron
transfer rate to improve the electrical conductivities
of the composite materials, which in turn improves
the EMI shielding properties of the composite mate-
rials. At the same time, the unused oxygen-contain-
ing groups on the surface of GO can retain their
dispersibility and facilitate subsequent processing.
PNT, due to its unique hollow structure, can improve
the multiple reflections part of the composite material
against incident EM waves while forming an effective
conductive network, thereby further improving the
EMI shielding performance of composite materials.

Experimental section
Materials and chemicals

Pyrrole (98%) was purchased from Sigma. Petroleum
ether (AR, bp: 60-90 °C), ferric chloride hexahydrate
(FeCl5-6H,0, 99%) and oxalyl chloride (C,0,Cl,, AR)
were purchased from Aladdin chemicals Co. Ltd.
Ferrocene monocarboxylic acid (Fc-COOH, AR) and
1,1"-ferrocene dicarboxylic acid ((Fc(COOH),, 98%)
were purchased from Beijing Hua Wei Rui Ke
Chemical Co. LTD and Saan Chemical Technology
(Shanghai) Co. LTD, respectively. Graphene oxide
(GO, > 95%) was purchased from Suzhou Carbon-
feng Technology Co. LTD. Pyridine (AR), methylene
chloride (CH,Cl,, AR), triethylamine (TEA, AR),
tetrahydrofuran (THF, AR), sodium hydroxide
(NaOH, 96.0%), ethylenediamine (EDA, > 99.0%)
and anhydrous ethanol (C,HsOH, > 99.7%) were
purchased from Sinopharm Co. LTD. Deionized
water was laboratory-made. DCM was immersed in
4 A molecular sieves for 1 week and then refluxed in
the presence of CaH, for several hours. Pyridine and
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TEA were dried with 4 A molecular sieves for 1 week
before use; pyrrole should be distilled at reduced
pressure before use. Other chemicals were used as
received.

Synthesis of GO-Fc

The ferrocene monoformyl chloride (Fc-COCl) was
synthesized according to the literature [37]. The
specific operations are as follows: Fc-COOH
(10.4099 g, 45.24 mmol) was vacuum-dried at 50 °C
in an oil bath for 2 h and set aside under argon
protection. In anhydrous and anaerobic conditions,
150.00 mL of refluxed DCM and pyridine (4.70 mL,
58.34 mmol) was injected into the dried Fc-COOH.
Then, the excess oxaloyl chloride (5.00 mL,
59.09 mmol) was added with a syringe dropwise, and
the reflux reaction was performed at 50 °C for 5 h.
After the reaction, the solvent was drained under
vacuum, 150.00 mL of petroleum ether was added,
and reflux was carried out at 90 °C for 2 h. Then, a
spherical sand core funnel was used for closed vac-
uum filtration, and the solvent petroleum ether was
decompressed and drained. After that, Fc-COCl
(5.8277 g, 23.45 mmol), 0.6002 g of GO, 60.00 mL of
DCM and 4.00 mL (28.86 mmol) of TEA were added
and dispersed with ultrasound for 30 min. After the
system being dehydrated and deoxygenated, the
reaction was performed with stirring at 50 °C for
20 h. Then, GO-Fc was filtered with suction, washed
with 150 mL of THF until colorless, rinsed with
anhydrous ethanol 2 ~ 3 times, vacuum-dried and
placed in a vacuum dryer.

Synthesis of GO-EDA-Fc

0.7014 g of GO, 5.6032 g (139.97 mmol) of NaOH and
350 mL of deionized water were added and sonicated
for 1 h. And then, EDA (7.00 mL, 104.83 mmol) was
added and reacted at 80 °C for 24 h. After completion
of the reaction, it was filtered by suction, washed
with 200 mL of deionized water until the pH was
neutral, and rinsed with anhydrous ethanol 2 ~ 3
times [38]. Dried Fc-COCl (5.9056 g, 23.76 mmol),
0.3000 g of GO-EDA, TEA (7.00 mL, 50.22 mmol) and
70.00 mL of DCM were added and sonicated for 1 h.
After deoxygenation and water removal, the system
was placed in an oil bath at 50 °C for 18 h. After the
reaction, the solid powder was washed with 150 mL
of THF until the filtrate was colorless and then
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washed with anhydrous ethanol for 2 ~ 3 times. The
GO-EDA-Fc was obtained after vacuum drying to
constant weight.

Synthesis of GO-Fc-GO

The synthesis method of 1,1’-ferrocenedioyl chloride
(Fc(COCl),) is the same as the reference [39], which is
as follows. Fc(COOH), (11.0330 g, 40.24 mmol) was
vacuum-dried at 50 °C for 2 h, and then argon gas
was passed into it for storage. 150.00 mL of treated
DCM  and dehydrated pyridine (9.00 mL,
111.72 mmol) were added. The excess oxalyl chloride
(10.00 mL, 118.18 mmol) was added dropwise with a
syringe. After heating at 50 °C under reflux for 8 h,
the solvent DCM and excess oxalyl chloride were
removed in vacuo. One hundred fifty milliliters of
dehydrated petroleum ether was added to the reac-
tion flask and refluxed for 2 h. After filtering the
suspension in an anhydrous and oxygen-free envi-
ronment with a spherical sand core funnel, the
resulting solution was transferred to a dry flask with
a branch, and the solvent and petroleum ether were
removed by vacuum. The Fc(COCl), (6.1925 g,
19.91 mmol), 0.6008 g of GO, 60.00 mL of DCM and
6.00 mL (43.28 mmol) of TEA were added and soni-
cated for 30 min and then reacted at 50 °C for 20 h.
After the completion of the reaction, it was filtered
with suction, washed with 150 mL of THF until col-
orless and rinsed with anhydrous ethanol 2 ~ 3
times. The GO-Fc-GO was obtained after vacuum-
drying to constant weight.

Synthesis of GO-EDA-Fc-EDA-GO

The Fc(COCl), (3.4316 g, 11.04 mmol), 0.3004 g of
GO-EDA, 5000mL of DCM and 5.00 mL
(36.07 mmol) of TEA were added and sonicated for
30 min. After that, the system was dehydrated and
oxygen-free and reacted at 50 °C for 20 h. After the
reaction, suction filtration was carried out, washed
with a 150 mL of THF until colorless and rinsed with
anhydrous ethanol several times, and the GO-EDA-
Fc-EDA-GO was obtained after vacuum-drying to
constant weight.
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Preparation of PNT/GO, PNT/GO-Fc, PNT/
GO-EDA-F¢, PNT/GO-Fc-GO and PNT/GO-
EDA-Fc-EDA-GO composites

The preparation steps of these five composite mate-
rials are the same, taking the preparation of PNT/
GO-Fc composite as an example. The typical process
is as follows[40]: 0.3276 g (1 mmol) of methyl orange
was dissolved in 200 mL of deionized water, and
then 2.7050 g (10 mmol) of FeCl;-6H,O and 0.1001 g
of GO-Fc were added to the above solution. After
stirring for 30 min, 0.70 mL of pyrrole monomer was
slowly added with a syringe. After stirring the reac-
tion at 25 °C for 24 h, the product was filtered with
suction, washed with deionized water and absolute
ethanol until the filtrate was colorless, and dried in a
vacuum oven at 40 °C to constant weight. For com-
parison, the preparation method of PNT was the
same as that of PNT/carbon material composites,
except that the step of adding carbon material was
omitted in the preparation process.

Characterization

Scanning electron microscopy (SEM, JEOL-6700F)
and transmission electron microscope (TEM, JEOL-
1200EX) were employed to observe the morphologies
of synthesized samples. Additionally, SEM and TEM
instruments are both attached with X-ray energy-
dispersive spectrometer (EDS). X-ray diffraction
(XRD) pattern was operated on XPert PRO (CuK,,
2 =154 A) X-ray diffractometer. Fourier transform
infrared (FTIR) spectroscopy is a method of mixing
and tableting with potassium bromide and samples
and tested on the Nicolet 5700 infrared spectrometer.
Thermogravimetric analysis was performed on a TA-
Q500 (Mettler-Toledo) TGA thermogravimetric ana-
lyzer, in a nitrogen atmosphere, the heating rate was
10 °C/min, and the temperature range was
50-850 °C. X-ray photoelectron spectroscopy (XPS)
spectra were studied on an XPS system of Escal-
ab250Xi. The conductivity test of the samples was
carried out on the ST2253 multifunctional digital
four-probe tester. The EMI shielding characteristics
were measured with an E5071C vector network
analyzer (Agilent Technologies). The paraffin and the
composite material are uniformly mixed and pressed
into a toroidal lamina having an outer diameter of
about 7.0 mm, an inner diameter of about 3.04 mm
and a thickness of about 3.0 mm.
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Results and discussion
Synthesis of modified GO

The synthetic schemes of Fc-COCl, Fc(COCI),, GO-
EDA, GO-Fc¢, GO-Fc-GO, GO-EDA-Fc and GO-EDA-
GO-EDA-Fc are listed in Scheme 1. The experimental
synthetic details of Fc-COCl and Fc(COCl); are listed
in Table 1, and detailed synthetic conditions of GO-
EDA, GO-Fc, GO-Fc-GO, GO-EDA-Fc and GO-EDA-
Fc-EDA-GO are listed in Tables 2 and 3.

Figure 1a, b shows the FTIR spectra of GO, GO-Fc,
GO-Fc-GO, GO-EDA, GO-EDA-Fc and GO-EDA-Fc-
EDA-GO. For GO, 3410 cm™!, 2917 cm™' and

2847 cm™! are attributed to ~OH stretching absorp-
tion band, -CH; and —CH, antisymmetric stretching
vibration absorption band, respectively; the band of
1720 cm ™' is C=O stretching vibration absorption
in-plane bending deformation

band, and the

GO-Fc-GO

-0

ug ‘2,06 4I9°HO

FcCOCI

N~ NHz

s ——
NaOH, DI water, 80°C, 24h

Fe(COCI),
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vibration absorption band of C=C and -OH and the
stretching vibration absorption band of C-O are
1617 cmfl, 1392 em ™! and 1058 cmfl, respectively.
1452 cm ™!, 1133 em™ ! and 814 cm™! are the charac-
teristic infrared absorption bands of ferrocene
[31, 41]. Among them, 814 cm ™! belongs to the C-H
stretching vibration absorption band on the ferrocene
ring [42]. The characteristic peak of GO-Fc at
1452 cm™! is overlapped with the absorption band of
C-O in GO. In Fig. 1b, the characteristic bands of
ferrocene also appear in GO-EDA-Fc and GO-EDA-
Fc-EDA-GO. Meanwhile, GO-EDA, GO-EDA-Fc and
GO-EDA-Fc-EDA-GO showed -NH, scissoring
vibration and the swing out-of-plane vibration mode
of N-H near 1796 cm™' and 670 cm ™', respectively
[43-45], indicating that some of the -NH, groups
remain in GO-EDA-Fc and GO-EDA-Fc-EDA-GO.
For GO-EDA, the weak band at 1660 cm™" belongs to
the bending vibration of N-H [43]. In GO-EDA-Fc

0
I

auipukd %(1909)

GO-EDA-Fc-EDA-GO

Scheme 1 Synthetic routes for Fc-COCI, Fc(COCl),, GO-EDA, GO-Fc, GO-EDA-Fc, GO-Fc-GO and GO-EDA-GO-EDA-Fc.
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Table 1 Experimental synthetic details for the synthesis of Fc-COCI and F¢(COCl),

J Mater Sci (2021) 56:18093-18115

Compound Step 1 Step 2 Mole ratio Time Temperature
Acid (A) Pyridine CH,Cl, (COCl), (B)
g mmol mL mmol mL mL mmol AB h °C
Fc-COC1 10.4099 45.24 4.70 58.34 150.00 5.00 59.09 1:1.31 5 50
Fe(COCl), 11.0330 40.24 9.00 111.72 150.00 10.00 118.18 1:2.94 8 50
Table 2 Detailed synthetic -
conditions for the synthesis of Compound ~ Step 1 Step 2 Time Temperature
GO-EDA NaOH GO DI water tugmsonic EDA
g mmol g mL h mL mmol h °C
GO-EDA  5.6032 139.97 0.7014 350 1 7.00 104.83 24 80
Table 3 Detailed synthetic conditions for the synthesis of GO-Fc, GO-Fc-GO, GO-EDA-Fc and GO-EDA-Fc-EDA-GO
Compound Step 1 Step 2 Time Temperature
GO or GO-EDA TEA CH,Cl, FcCOCl or Fe(COCl),
g mL mmol mL g mmol h °C
GO-Fc %0.6002 4.00 28.86 60.00 €5.8277 23.45 20 50
GO-Fc-GO %0.6008 6.00 43.28 60.00 46.1925 19.91 20 50
GO-EDA-Fc ©0.3000 7.00 50.22 70.00 5.9056 23.76 18 50
GO-EDA-Fc-EDA-GO °0.3004 5.00 36.07 50.00 934316 11.04 20 50
GO, ®GO-EDA, “FcCOCI, ‘Fc(COCI),
(a) (b)  [GorDAFoEDAGO
GO-Fc-GO
GO-EDA-Fc
g : 8 rycailt
5 = 5
£ L g w ;
g F I i c N L"" d./' i E
£ oo S A« = bt ol
e L/ o _
(= (=
1720cm’! 1720cm’’
. C=0 stretching E 1088em 2847cm™ C=Ostretching : 1058cm’™”
2917cm"ll C“c:m l \ l co 29::Lcm"ll BCH’ l \ l co
34100m"! s 1617em?  OH 34100 T ’ tetem D8 tion
oH stretchingT c=c :i‘:"z"'i"‘:::"’" O-H stretching €= Jibration
4000 35I00 3().00 25IOO 20I00 1 5IOO 10I00 5(I)0 4000 35IOO 30I00 25I00 20I00 1 5IOO 1 OIOO 5(I)0

Wavenumber (cm'1)

Wavenumber (cm'1)

Figure 1 FTIR spectra of GO and (a) GO-Fc and GO-Fc-GO, (b) GO-EDA, GO-EDA-Fc and GO-EDA-Fc-EDA-GO.
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and GO-EDA-Fc-EDA-GO, the weak band of
1660 cm ™! is the characteristic absorption band of the
amide I band, while the characteristic absorption
band of the amide II band is masked by the broad
band of GO’s aromatic ring skeleton vibration [46].
Figure 2a, b shows the XRD patterns of GO, GO-Fc,
GO-Fc-GO, GO-EDA, GO-EDA-Fc and GO-EDA-Fc-
EDA-GO. It can be seen that GO at 20 = 28.2° and
42.4° correspond to (002) and (111) crystal planes of
graphite structure, respectively, and the sharp char-
acteristic diffraction peak at 20 = 12.2° corresponds to
(100) crystal plane of GO [47—49]. For the GO-Fc in
Fig. 2a, the (100) crystal plane becomes broad peaks
with lower diffraction intensity and shifts to a low
diffraction angle 20 = 10.8°, which indicates that the
successful modification of ferrocene groups makes
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diffraction peak of 20 =13.2-22.4° belongs to the
ferrocene modified by GO surface. The diffraction
intensity of GO-Fc-GO and (100) crystal plane in
Fig. 2a is lower than that of GO-Fc, and it is further
shifted to a low diffraction angle 20 = 8.2°, which
indicates that 1,1’-ferrocene group-modified GO fur-
ther increases the distance between GO, and in the
XRD spectrum of GO-Fc-GO, a broad peak of
20 = 12-20° attributed to ferrocene also appears.
Meanwhile, both GO-Fc and GO-Fc-GO also have a
graphite-structure (111) crystal plane at 20 = 42.4°,
but the intensity is decreased compared to pure GO.
In Fig. 2b, when the epoxy groups on the GO surface
are opened with ethylenediamine (GO-EDA), there is
a broad diffraction peak at 20 = 16-30°, and the (100)
crystal plane of GO becomes a much lower diffraction
intensity broad peak. The XRD patterns of GO-EDA-

the distance larger between GO. The broad
(a)
R GO-Fo-GO
R '/\"\-\w GO-Fe
-] (100)
s
2
‘0
c
2
£
(002) (11)
GO
10 20 30 40 5 60 70 80
2theta (degree)
(©
S
=
=)
o
=

L] L] L] L]
200 400 600 800

Temperature (°C)

(b)
[ e GO-EDA-FCc-EDA-GO
~ S —— GO-EDA-Fc
35 GO-EDA
3 (100)
>
=
(7]
c
(]
8
£
©02) (444
GO
10 20 30 40 50 60 70 80
2theta (degree)
(d)
—GO
100 - —— GO-EDA
—— GO-EDA-Fc
90 - —— GO-EDA-Fc-EDA-GO
< 804
S
Rl
L
S 704
(]
=
60
50
40

L] L] L] L]
200 400 600 800

Temperature (°C)

Figure 2 XRD patterns (a, b) and TGA curves (c, d) of GO, GO-F¢, GO-Fc-GO, GO-EDA, GO-EDA-Fc¢ and GO-EDA-Fc-EDA-GO.
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Fc and GO-EDA-Fc-EDA-GO have little difference.
The wide peak at 20 = 12-30° is the result of the
modification of ethylenediamine and ferrocene. Both
GO-EDA-Fc and GO-EDA-Fc-EDA-GO have gra-
phite-structure (111) crystal faces at 20 = 42.4°, but
the intensity is lower than that of GO. The above
analysis of XRD patterns also prove the successful
preparation of GO-Fc, GO-Fc-GO, GO-EDA, GO-
EDA-Fc and GO-EDA-Fc-EDA-GO. Figure 2¢, d
shows the TGA curves of GO, GO-Fc, GO-Fc-GO,
GO-EDA, GO-EDA-Fc and GO-EDA-Fc-EDA-GO.
For unmodified GO, the main weightlessness tem-
perature range is 150-300 °C, which is mainly due to
the CO, CO, and steam generated by the pyrolysis of
unstable oxygen-containing functional groups;
Slower mass loss can be observed at 300-850 °C,
which might be attributed to the removal of more
stable  oxygen-containing  functional  groups
[48, 50, 51]. It can be seen from Fig. 2c, d that all the
thermal stability of modified GO has been signifi-
cantly improved except GO-Fc.

To determine the interactions between GO and
surface modification groups, Raman spectroscopy
was further employed. Figure 3 shows the Raman
spectra of GO, GO-Fc, GO-Fc-GO, GO-EDA, GO-
EDA-Fc and GO-EDA-Fc-EDA-GO. The G band is
generated by the stretching of the sp® hybrid carbon
atoms, indicating the degree of order of the graphite
structure; and the D band reflects the defects of the
graphite internal structure, which is the sp” hybri-
dized carbon atoms caused by breathing vibration

D band C band

; H
] 1
: :

lo/16=1.04 ; ; GO-EDA-Fc-EDA-GO
- : i
> H H
E] I,/15=1.01 ! '

Q; olle : i GO-Fc-GO
>‘ ] ]
= : :
2 | -
15/15=1.02 i

g | == : ; GO-EDA-Fc
E ] ]
i :
] ]
] ]
: :

R Go-Fe
] ]
] ]

1,/1;=0.93 : i GO

L] - L] - L] L]
1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Figure 3 Raman spectra of GO, GO-Fc, GO-EDA, GO-Fc-GO,
GO-EDA-Fc¢ and GO-EDA-Fc-EDA-GO.
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[52]. The Ip/Ig ratio indicates the disorder degree of
graphite, the larger the ratio, the greater the disorder
degree and the more defects [48, 52]. It can be seen
from Table 4 that the Ip/Ig of unmodified GO is 0.93,
which is consistent with the value in the literature
[53]. The modified GO has a larger Ip/Ig ratio than
original GO, which shows that the modified GO is
more disordered and has more defects, indicating
that sp® hybridized carbon atoms are formed during
the functionalization process [54]. Compared with
original GO, the positions of D band and G band also
have a certain degree of red-shift or blue-shift, this
might be due to the chemical bond between the car-
bon atoms of GO and functional groups that interfere
with the surface structure of GO [55], which further
proves that successfully modification.

To further explore the elemental composition,
bonding type and chemical valence of the samples,
the XPS test was performed on GO, GO-Fc, GO-Fc-
GO, GO-EDA, GO-EDA-Fc and GO-EDA-Fc-EDA-
GO, and the XPS spectra are shown in Fig. 4 and
Fig. 54. In the Cls spectrum, the electron binding
energies of 282.9 eV, 283.4 eV, 283.9 eV, 285.2 eV and
287.0 eV correspond to C-C, C-OH, C=0, C=0 and
O-C=0, respectively [56]. In the Ols spectrum, O-
C=0, C=0, C-OH and C-O-C peaks are at 530.1 eV,
531.1 eV, 531.9 eV and 532.2 eV, respectively [57]. For
the N1s spectrum, 398.5 eV and 401.3 eV correspond
to N-H and C-N, respectively [58]. From Fig. 4a—c
and Fig. S4a-h, it can be seen that compared to the
original GO (Fig. 4c), the modified GO, GO-Fc and
GO-Fc-GO (Fig. S4c, Fig. S4g), the C-OH content on
the surface was significantly reduced, which is con-
sistent with the introduction of ferrocene through
hydroxyl groups. The wide scan showed that all
samples contain C and O elements, and N elements
were all present in GO-EDA, GO-EDA-Fc and GO-
EDA-Fc-EDA-GO, which indicated that ethylenedi-
amine had successfully modified on GO. Further-
more, GO-Fc, CO-Fc-GO, GO-EDA-Fc and CO-EDA-
Fc-EDA-GO all contained Fe, which further illus-
trated the successful introduction of ferrocene. In the
Fe2p spectrum, 706.6 eV, 710.0 eV, 719.3 eV and
724.2 eV correspond to Fe(Il) 2p3/2, Fe(Ill) 2p3/2,
Fe(Il) 2p1/2 and Fe(Ill) 2p1/2, respectively. From
Fig. 4h, Fig. 54d, Fig. S4h and Fig. S4m, it can be seen
that the Fe element was mainly Fe(Il), and a small
amount of Fe(IlI) may be due to the oxidation of part
of the ferrocene [59]. To observe the morphologies
and structures of the prepared samples, SEM
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Table 4 Raman detail data of

GO, GO-F¢, GO-EDA, GO- Sample Ip Raman shift (cm™") Is Raman shift (cm™") Ip/lg

E)'i%fé%i%%h and GO- 5 440 1350.13 472 1574.68 0.93

Rt GO-Fc 1114  1337.39 1102 1576.23 1.01

GO-EDA 3616 1337.5 3378 1567.04 1.07
GO-EDA-Fc 4816  1348.65 4712 1576.33 1.02
GO-Fc-GO 2622 133431 2608  1574.78 1.01
GO-EDA-Fc-EDA-GO 4034  1342.28 3880  1573.24 1.04
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Figure 4 XPS a wide scan, b Cls, ¢ Ols spectra of GO and d wide scan, e Cls, f Ols, g N1S, h Fe2p spectra of GO-EDA-Fc-EDA-GO.

equipment was first employed. Fig. S1 are the SEM
images of pristine GO and modified GO. It can be
seen from Fig. Sla that compared to the modified GO,
the surface of pristine GO was relatively smoother
with some visible wrinkles. Figure S1b—f corresponds
to the samples of GO-Fc, GO-Fc-GO, GO-EDA, GO-
EDA-Fc and GO-EDA-Fc-EDA-GO, respectively. The

modified GO had a rougher surface with amounts of
protrusions and wrinkles. Figure 52 shows the TEM
images of the pristine GO and the modified GO. From
Fig. S2a, it can be seen that the pristine GO was thin
and transparent with obvious wrinkles. Figure S2b-f
shows the TEM images of GO-Fc, GO-Fc-GO, GO-
EDA, GO-EDA-Fc and GO-EDA-Fc-EDA-GO,
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respectively. GO-Fc-GO (Fig. S2¢), GO-EDA-Fc
(Fig. S2e) and GO-EDA-Fc-EDA-GO (Fig. S2f) were
thicker than the pristine GO, and there were fewer
wrinkles on the surface, especially the sample GO-
EDA-Fc-EDA-GO, which is also mutually corrobo-
rated with its formula in Scheme 1. The reason is that
1,1’-ferrocene dicarboxylic acid chloride connected
multiple GO sheets to result in the formation of a
larger n—n stacking system so that the modified GO
sheet became more, and the TEM image presented a
thick and less wrinkled morphology.

Preparation and characterization of PNT,
PNT/GO and PNT/modified GO

Figure 5 shows the FTIR spectra of PNT, PNT/GO,
PNT/GO-Fc, PNT/GO-Fc-GO, PNT/GO-EDA-Fc
and PNT/GO-EDA-Fc-EDA-GO-7:1. For pure PNT
(Fig. 5a), 1544 cm™ ' and 1459 cm ™' are the classical
vibrations of the pyrrole ring, which belong to the C—-
C and the C-N stretching vibration of the pyrrole
ring, respectively. 1312 cm™!, 1172 cm™!, 1097 cm™*
and 1037 cm ™' correspond to the in-plane bending
vibration of C-H or C-N, the breathing vibration
band of the pyrrole ring, the N*—H vibration band
and the hydrocarbon vibration band in the plane,
respectively. The C-C out-of-plane vibration, N-H
swing and N-H out-of-plane vibration band are at
967 cm™!, 902 cm™! and 782 cm”}, respectively
[60-62]. Compared with the original GO, the infrared

Tansmittance (%)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1 )

Figure 5 FTIR of a PNT, b PNT/GO, ¢ PNT/GO-Fc, d PNT/GO-
Fc-GO, e PNT/GO-EDA-Fc and f PNT/GO-EDA-Fc-EDA-GO-
7:1.
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characteristic band of GO in the composite material
has a certain red-shift or blue shift due to the inter-
action with PNT. 1800 cm™', 1651 cm™' and
1387 cm ™" correspond to the C=O stretching vibra-
tion absorption band, the C=C and -OH in-plane
bending deformation vibration absorption band,
respectively. The stretching vibration absorption
band of C-O and several characteristic absorption
bands of ferrocene overlap with the infrared band of
PNT. Figure 6 describes the schematical diagram of
the preparation process of PNT integrated with GO-
EDA-Fc and GO-EDA-Fc-EDA-GO, respectively. The
detailed preparation conditions of composites are
listed in Table 5.

Figure 7a—f shows the SEM images of PNT, PNT/
GO, PNT/GO-Fc, PNT/GO-Fc-GO, PNT/GO-EDA-
Fc and PNT/GO-EDA-Fc-EDA-GO-7:1, respectively.
It can be observed from the SEM images that the PNT
was a rod-shaped structure with a length of about ten
microns and a diameter of several hundred
nanometers, and the composite materials PNT/GO,
PNT/GO-Fc and PNT/GO-Fc-GO lamellar structures
with different morphologies appeared in all of the
images, which further illustrated the successful inte-
gration of PNT with original GO and modified GO.

Figure 8 and Fig. S5 show TEM images of com-
posite materials PNT/GO, PNT/GO-Fc, PNT/GO-
Fc-GO, PNT/GO-EDA-Fc and PNT/GO-EDA-Fc-
EDA-GO-7:1 and the corresponding TEM-EDS map-
ping images. The hollow structure of PNT can be
seen in the TEM images of all five samples. The TEM-
EDS mapping images showed that all samples con-
tain C, O and N elements, and PNT/GO-Fc, PNT/
GO-Fc-GO, PNT/GO-EDA-Fc and PNT/GO-EDA-
Fc-EDA-GO-7:1 also contained Fe element, which
indicated the successful introduction of the ferrocene
groups. The N element contained in PNT/GO, PNT/
GO-Fc and PNT/GO-Fc-GO only came from PNT,
while the mapping diagram showed that both the
original GO and the modified GO contain a large
amount of N element, this is because part of the
pyrrole monomer in the reaction process was adsor-
bed on the surface of the flake GO, GO-Fc and GO-Fc-
GO with large specific surface area, and polypyrrole
was formed in situ under the action of the oxidant.
Part of the N element contained in PNT/GO-EDA-Fc
and PNT/GO-EDA-Fc-EDA-GO-7:1 came from PNT,
and the other part came from the modification of GO
by ethylenediamine.
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Figure 6 Schematical diagram of the preparation process of PNT/GO-EDA-Fc and PNT/GO-EDA-Fc-EDA-GO composites.

Table 5 Experimental details for the preparation of PNT, PNT/GO, PNT/GO-Fc, PNT/GO-Fc-GO, PNT/GO-EDA-Fc and PNT/GO-EDA-

Fc-EDA-GO-7:1
Sample Step 1 Step 2 Step 3 Time Temperature
MO DI water FeCl;-6H,0 GO or modified tsir Py mL/ h °C
g/mmol mL g/mmol GO g h mmol
PNT 0.3269/ 200 2.7069/10.0 0 0.5 0.70/10.1 24 25
1.0
PNT/GO 0.3269/ 200 2.7053/10.0 0.1008 0.5 0.70/10.1 24 25
1.0
PNT/GO-Fc 0.3276/ 200 2.7050/10.0 20.1001 0.5 0.70/10.1 24 25
1.0
PNT/GO-Fc-GO 0.3268/ 200 2.7066/10.0 °0.1002 0.5 0.70/10.1 24 25
1.0
PNT/GO-EDA-Fc 0.3274/ 200 2.7031/10.0 €0.1003 0.5 0.70/10.1 24 25
1.0
PNT/GO-EDA-Fc-EDA- 0.3272/ 200 2.7067/10.0 90.1008 0.5 0.70/10.1 24 25

GO-7:1 1.0

3GO-Fc, °GO-Fc-GO, °GO-EDA-Fc, ‘GO-EDA-Fc-EDA-GO

Figure S3 shows the TGA curves of PNT, PNT/GO,
PNT/GO-Fc, PNT/GO-Fc-GO, PNT/GO-EDA-Fc
and PNT/GO-EDA-Fc-EDA-GO-7:1. It can be seen
that the TG curves of the composite materials were
not much different from that of the polymer, and the
thermal stability was only slightly improved. This
may be due to the small amount of carbon material

was added to the composite materials. And the final
quality of the residual rate was around 50%.

Conductivity and EMI shielding
performance

To investigate the influence of electrical conductivity
on the performance of EMI shielding, the resistance
of the composite material was measured by the four-
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Figure 7 SEM images of

a PNT, b PNT/GO, ¢ PNT/
GO-Fc, d PNT/GO-Fc-GO,

e PNT/GO-EDA-Fc and

f PNT/GO-EDA-Fc-EDA-GO-
7:1.

Figure 8 TEM images and corresponding TEM-EDS mapping of a PNT/GO and b PNT/GO-EDA-Fc-EDA-GO-7:1 for the selected
image.

@ Springer



J Mater Sci (2021) 56:18093-18115

probe method. The procedure for preparing a test
sample for electrical conductivity is as follows: 45 mg
of composite material and 5 mg of polyvinylidene
fluoride (PVDF) powder are comminuted to a soft
powder and pressed into a circular sheet of com-
pressed tablets (pressure 10 MPa). To reduce the test
error, 3 points were measured and averaged for each
sample. Table 6 shows a summary of conductivity
values. EM interference shielding effectiveness (EMI
SE) is often employed to evaluate the performance of
EMI shielding materials. There is no doubt that the
total EMI SE (SEio.) is the sum of the absorption
(SE,), reflectance (SER) and internal multiple reflec-
tions (SEyp) [63]. And SEy; can be omitted if SE a1
>10dB [64]. The calculations are based on
equations below [65-67], where S;; and S;; are the
tested S parameters.

SEioal = SEr + SE4 (1)
1-R
SEx = 101g——— 2)
SEg = 101g— 3)
R = gl—R
Pri 2
R—E— |S11] (4)
P 2
T_Pi = |y (5)

To investigate the relationship between the com-
posite material and its EMI shielding performance,
Egs. (6), (7) and (8) can be used instead of Egs. (2), (3)
and (1), respectively [68]:

Table 6 Summary of conductivity values

18105

SEx = 8.7d+\/nfuc (6)
G

SEr =39.5 + 101gﬁ (7)

SEwut = SEA + SEg = 8.7d+/nfuo + 39.5 + 101gﬁ
(8)

In the above equations, g, it and d are the conduc-
tivity, permeability and the thickness of the EMI
shielding material, respectively. f is the frequency of
EM wave. According to Egs. (6), (7) and (8), the
conductivity is positively correlated with SE.1, SEa
and SEg.

Figure 9 shows the EMI SE, conductivity, SEt, SEa,
SEr, A, R and T graphs of GO, GO-Fc, GO-Fc-GO,
GO-EDA-Fc and GO-EDA-Fc-EDA-GO. As can be
seen from Fig. 9a, the EMI SE of GO-Fc-GO modified
by the ferrocene groups was similar to that of GO,
and the trend of the scatter diagram is almost the
same. This can also be confirmed by the conductivity
results shown in Fig. 9b; GO and GO-Fc-GO had
similar conductivity, only 7.813 x 10°S/cm and
1.204 x 107 S/cm, respectively. However, the EMI
SE value of GO modified by ferrocene groups (GO-
Fc) was significantly improved, and its conductivity
was more than twice that of GO-Fc-GO, reaching
2.766 x 10°* S/cm. The EMI shielding performance
of ethylenediamine-functionalized GO modified by
ferrocene groups (GO-EDA-Fc) and ferrocene group-
functionalized GO (GO-EDA-Fc-EDA-GO) was sig-
nificantly improved compared with that of original
GO. The conductivity results in Fig. 9b are also

Sample Conductivity (S/cm) Standard deviation
1 2 3 Mean
GO 7.883 x 107° 7.810 x 107 7.748 x 107° 7.813 x 107 6.751 x 1077
GO-Fc 2.822 x 107 2.717 x 107 2.760 x 107 2.766 x 107 5.280 x 107°
GO-Fc-GO 1.192 x 107 1.202 x 107 1217 x 107 1.204 x 107 1.255 x 107°
GO-EDA-Fc 2.570 x 1073 2.560 x 107 2460 x 107 2.530 x 1073 5.748 x 107
GO-EDA-Fc-EDA-GO 1.033 x 1072 1.012 x 1072 9.670 x 107 1.004 x 1072 3.377 x 107
PNT 5.165 x 107! 4975 x 107! 5.101 x 107! 5.080 x 107! 9.670 x 1073
PNT/GO 7.547 x 1072 7.543 x 1072 7.382 x 1072 7.491 x 1072 9.413 x 107
PNT/GO-Fc 5212 x 107! 5410 x 107! 5.245 x 107! 5.289 x 107! 1.061 x 1072
PNT/GO-Fc-GO 3.595 x 107! 3.540 x 107! 3.576 x 107! 3.570 x 107! 2.790 x 107
PNT/GO-EDA-Fc 1.774 x 107 1.655 x 107" 1.677 x 107 1.702 x 107" 6.330 x 107
PNT/GO-EDA-Fc-EDA-GO-7:1 1.329 x 10° 1.277 x 1.354 x 10° 1.320 x 10° 3.904 x 1072
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Figure 9 The a EMI SE, b conductivity, ¢ SE1, SE5, SEg and d A, R, T of GO, GO-Fc, GO-Fc-GO, GO-EDA-Fc¢ and GO-EDA-Fc-

EDA-GO.

consistent with the EMI shielding performance for
the unmodified GO; the conductivity was only
7.813 x 107°S/cm [69].The conductivity of GO-EDA-
Fc was improved by nearly two orders of magnitude,
reaching 2.530 x 10~ S/cm, and the conductivity of
GO-EDA-Fc-EDA-GO even reached 1.004 x 10725/
cm. This is also consistent with the experimental idea
designed. Through the introduction of ferrocene
groups, a larger n—n stacking interaction system was
formed, which accelerated the electron transfer rate
and thus improved its EMI shielding performance.
From the SEt, SE5 and SEgr diagrams in Fig. 9¢c, we
can see that the SE4 of all five samples were similar,
but the reflected EMI shielding effectiveness (SEg) of
GO-Fc was the largest; that is, the reflection loss of

@ Springer

GO-Fc was the largest, reaching 6.33 dB. The SER of
GO and GO-Fc-GO was very low, indicating that
most of the EM waves entering the shielding material
were mainly absorption loss. The SE4 and SER values
are based on EM waves penetrating into the material,
excluding reflected waves. Unlike SEr and SE4, R
and A represent the absolute values of the reflected
and absorbed powers, respectively [70]. Because of
the easy occurrence of reflection, when EM waves are
projected on the surface of the material, few EM
waves enter the inside of the shielding material, so
the absorption performance of the shielding material
is not fully utilized. Therefore, the shielding material
may have a high R value but a low SEg value, or a
low A value but a high SE, value [71]. The power
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coefficients A, R and T measured in the frequency
range of 1.0-4.5 GHz are demonstrated in Fig. 9d. It
can be seen from the figure that compared with other
samples, the A and R of GO and GO-Fc-GO were
lower, making the value of T higher. The EMI
shielding performance of GO and modified GO
samples were not merely based on reflection or
absorption as the main mechanism, but the result of
the combined effect of reflection and absorption.
After the introduction of EDA, the amide groups (-
CO-NH-) are easier to form hydrogen bonds than
the ester groups (-COO-), which increases the inter-
action force between molecules and between PNT, so
as to facilitate charge transfer, thus making the per-
formance of samples with EDA (GO-EDA-Fc and
GO-EDA-Fc-EDA-GO in Scheme 1) were better than
those without EDA (GO-Fc and GO-Fc-GO in
Scheme 1).

Figure 10 corresponds to EMI SE, conductivity,
SEt, SEa, SEg, A, R and T graphs of PNT, PNT/GO,
PNT/GO-Fc-GO, PNT/GO-Fc-GO, PNT/GO-EDA-
Fc and PNT/GO-EDA-Fc-EDA-GO-7:1. As can be
seen from Fig. 10a, EMI SE of PNT/GO-Fc and PNT/
GO-Fc-GO was slightly improved compared with
PNT, reaching 19.9 dB and 20.8 dB, respectively,
while PNT/GO was only 11.7 dB. This situation is
similar to the conductivity test results in Fig. 10b. The
conductivity of PNT/GO was only 7.491 x 102 S/
cm, while the conductivities of PNT, PNT/GO-Fc
and PNT/GO-Fc-GO were relatively high, reaching
5.080 x 107" S/cm, 5289 x 107 S/cm and
3.570 x 107" S/cm, respectively. Although the con-
ductivity of PNT/GO-Fc-GO was lower than that of
PNT, the EMI SE value of PNT/GO-Fc-GO was even
higher than that of PNT, indicating that the EMI
shielding performance in this system did not only
depend on its conductivity, but the microstructure of
the material could affect its dissipation of incident
EM wave to a certain extent. And the influence of
microstructure may be due to the stronger interfacial
polarization effect generated by the heterogeneous
interface formed between PNT and GO-Fc-GO, so as
to obtain better EMI shielding performance. The EMI
shielding performance of PNT/GO-EDA-Fc-EDA-
GO was better than others, its EMI SE value was as
high as 28.7 dB, while the SEr of PNT/GO-EDA-Fc
was only 15.6 dB, even lower than the 19.8 dB of

18107

PNT, which was completely consistent with the test
results of conductivity. The conductivity of PNT/
GO-EDA-Fc was 1.702 x 107! S/cm, far lower than
the 5.080 x 107! S/cm of PNT, while the conductivity
of PNT/GO-EDA-Fc-EDA-GO-7:1 was as high as
1.320 S/cm. It can be seen from Fig. 10c that the SEg
values of PNT, PNT/GO, PNT/GO-Fc, PNT/GO-Fc-
GO, PNT/GO-EDA-Fc and PNT/GO-EDA-Fc-EDA-
GO-7:1 were similar, but the absorption EMI shield-
ing efficiency (SE5) of PNT/GO and PNT/GO-EDA-
Fc was only half that of the other samples, making
their SEt much lower than that of the other four
samples. This may be due to the poor dispersion of
corresponding carbon materials in PNT/GO and
PNT/GO-EDA-Fc so that the composite materials did
not form a good conductive network path, which led
to insufficient dissipation of EM waves, thus weak-
ening their EMI shielding performance.

For all of the samples, the values of SE, were
higher than those of SEgr, which illustrated that the
EM waves entering the shielding material were
mainly absorption loss. Figure 10d demonstrates the
power coefficients A, R and T of composite materials
measured in the frequency range of 1.0-4.5 GHz. The
electrical conductivities of the composite samples
were significantly higher than those of carbon mate-
rials (Figs. 9b, 10b), and the value of R is closely
related to the electrical conductivity[71, 72]; therefore,
it can be seen from Fig. 10d that the R values of the
composites were high, so mainly part of EM waves
were reflected on the surface of shielding composites,
and the EM waves transmitted can be almost negli-
gible. Compared with other samples, the R values of
PNT/GO and PNT/GO-EDA-Fc were slightly lower,
and their SEt was also lower.

Different fraction ratios of GO-EDA-Fc-
EDA-GO on the conductivity and EMI
shielding performance

To investigate the influence of different fraction ratios
of GO-EDA-Fc-EDA-GO on EMI shielding perfor-
mance, five groups of experiments shown in Table 7
were performed. According to the feeding mass ratio
of reactant pyrrole and, GO-EDA-Fc-EDA-GO, the
samples were named as PNT/GO-EDA-Fc-EDA-GO-
3:1, PNT/GO-EDA-Fc-EDA-GO-5:1, PNT/GO-EDA-
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EDA-Fc and PNT/GO-EDA-Fc-EDA-GO-7:1.

Table 7 Experimental details for the preparation of different fraction ratios of GO-EDA-Fc-EDA-GO in PNT/GO-EDA-Fc-EDA-GO

samples
Sample Step 1 Step 2 Step 3 Time Temperature
MO DI water  FeCl;-6H,O GO-EDA-Fc-EDA-  ty;, Py mL/ h °C
g/mmol mL g/mmol GO g h mmol
PNT/GO-EDA-Fc-EDA- 0.3276/ 200 2.7078/10.0 0.2338 0.5 0.7/10.1 24 25
GO-3:1 1.0
PNT/GO-EDA-Fc-EDA- 0.3278/ 200 2.7058/10.0 0.1400 0.5 0.710.1 24 25
GO-5:1 1.0
PNT/GO-EDA-Fc-EDA- 0.3272/ 200 2.7067/10.0 0.1008 0.5 0.7710.1 24 25
GO-7:1 1.0
PNT/GO-EDA-Fc-EDA- 0.3278/ 200 2.7086/10.0 0.0781 0.5 0.7/10.1 24 25
GO-9:1 1.0
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Figure 11 The a EMI SE, b conductivity, ¢ SE1, SEA, SEg and d A, R, T of different fraction ratios of GO-EDA-Fc-EDA-GO in PNT/

GO-EDA-Fc-EDA-GO samples.

Fc-EDA-GO-7:1 and PNT/GO- EDA-Fc-EDA-GO-9:1,
respectively (abbreviated to 3:1, 5:1, 7:1 and 9:1 in
Fig. 11). And PNT/GO-EDA-Fc-EDA-GO-7:1 is the
same sample in Table 5.

Figure 11 illustrates the EMI SE, conductivity, SEr,
SEa, SEgr, A, R and T graphs of different fraction
ratios of GO-EDA-Fc-EDA-GO in PNT/GO-EDA-Fc-
EDA-GO samples. As can be seen from Fig. 11a, with
the increase of the feed ratio between pyrrole and
GO-EDA-Fc-EDA-GO, the EMI SE wvalue also
increased, which may be related to whether the GO-
EDA-Fc-EDA-GO was uniformly dispersed in the
composite material. When the feed ratio increased to
7:1, its EMI SE reached the highest of 28.73 dB.
However, when the feed ratio was further increased,
that is, when the addition amount of GO-EDA-Fc-

EDA-GO was further reduced, the EMI SE value of
composite decreased significantly. This may be due
to the fact that when the content of carbon materials
was too small, more heterogeneous interfaces and
conductive network pathways could not be formed
between PNT and carbon materials, thus affecting the
EMI SE value of composite. Figure 11b shows a his-
togram of the conductivity of samples (the detailed
data are listed in Table 8) with different feeding
ratios. It can be observed that the conductivities of the
samples of PNT/GO-EDA-Fc-EDA-GO-3:1, PNT/
GO-EDA-Fc-EDA-GO-5:1 and PNT/GO-EDA-Fc-
EDA-GO-9:1 were not much different, which were
0.7737 S/cm, 0.5666 S/cm and 0.4885 S/cm, respec-
tively, while the conductivity of the PNT/GO-EDA-
Fc-EDA-GO-7:1 sample was 1.320 S/m, the highest
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Table 8 Summary of conductivity values for different fraction ratios of GO-EDA-Fc-EDA-GO in PNT/GO-EDA-Fc-EDA-GO samples

Sample Conductivity (S/cm) Standard deviation
1 2 3 Mean
PNT/GO-EDA-Fc-EDA-GO-3:1 7.916 x 107! 7.551 x 107! 7.743 x 107! 7.737 x 107! 1.826 x 1072
PNT/GO-EDA-Fc-EDA-GO-5:1 5.584 x 107! 5.983 x 107! 5.432 x 107! 5.666 x 107! 2.846 x 1072
PNT/GO-EDA-Fc-EDA-GO-7:1 1.329 x 10° 1.277 x 10° 1.354 x 10° 1.320 x 10° 3.904 x 1072
PNT/GO-EDA-Fc-EDA-GO-9:1 5.018 x 107! 4871 x 107! 4765 x 107! 4.885 x 107! 1.271 x 1072

among all samples, which is also consistent with the
analysis results in Fig. 11a. It can be seen from
Fig. 11c that the SE, value of each sample was
greater than its SEg value, which means that the EM
waves entering the shielding material were mainly
absorption loss. Among them, the PNT/GO-EDA-Fc-
EDA-GO-7:1 sample has the highest SEt value due to
the highest SE, value. The information that can be
obtained from Fig. 11d is that the values of R of all
samples were greater than the values of A, and the
values of T were also negligible. This was because the
high-conductivity composite material PNT/GO-
EDA-Fc-EDA-GO caused the impedance mismatch
between the shielding material and the air, so that
EM waves were mainly reflected on the surface of the
shielding material.

Figure 12 illustrates the possible EMI shielding
mechanism of PNT/modified GO composites. Gen-
erally speaking, surface reflection, transmission and
dissipation of incident EM waves will occur when
they pass through EMI shielding materials. Conduc-
tive loss, magnetic loss, interfacial polarization,
dipole polarization and internal multiple reflections
are the five main EMI shielding mechanisms of these
composite materials. First of all, the good conductive
network paths were formed between the conductive
polymer PNT and modified GO, which provided the
possibility for the rapid transfer of electrons, and
further led to the enhancement of conductive loss.
Secondly, a large number of poles and dipoles existed
in doped PNT, resulting in polarization loss, which
could further dissipate EM waves. The large amount
of heterogeneous interfacial polarization between the
conductive polymer and the modified carbon mate-
rials could also effectively dissipate EM waves. The
diamagnetism produced by ferrocene groups under

@ Springer

the action of EM wave could also provide the mag-
netic loss of materials to a certain extent. The multiple
reflections of EM waves inside the composite mate-
rial, especially the unique hollow structure of PNT,
made the EM waves further converted into thermal
energy. Therefore, these composites have potential
application value in EMI shielding field.

Conclusions

In conclusion, the composites of PNT/GO, PNT/GO-
Fc, PNT/GO-Fc-GO, PNT/GO-EDA-Fc and PNT/
GO-EDA-Fc-EDA-GO were fabricated via in situ
chemical oxidative polymerization. The EMI shield-
ing performance of polypyrrole nanotube/ferrocene-
modified graphene oxide composites was conducted
over the frequency range of 1.0-4.5 GHz. The results
showed that when 50 wt% of the PNT/GO-EDA-Fc-
EDA-GO-7:1 composite material was added to the
paraffin matrix, the SEt reached 28.73 dB, and the
conductivity of PNT/GO-EDA-Fc-EDA-GO-7:1 was
1.320 S/cm; this might be due to the large and
stable n—n stacking system formed by GO-EDA-Fc-
EDA-GO, and the interactions between PNT and GO-
EDA-Fc-EDA-GO such as n—n stacking, hydrogen
bonding and electrostatic force, which enhanced the
electronic transition ability, thus speeding up the
transmission of electrons in the composite material.
Meanwhile, the interface polarization between the
dipole polarization and the heterogeneous interface
further improved the EMI shielding performance of
the composite material. In summary, the prepared
PNT/GO-EDA-Fc-EDA-GO-7:1 composite material
has good application value in the field of EMI
shielding.
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Figure 12 Schematic diagram of possible EMI shielding mechanisms of PNT/modified GO composites.
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