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ABSTRACT: In this study, graphite powder (GP) was
introduced into the conductive cellulose/polypyrrole (PPy)
composite films to increase their conductivity and thermal
stability. The GP was dispersed in ionic liquid 1-butyl-3-
methylimidazolium chloride ([Bmim]Cl) before the dissolu-
tion of cellulose, and the cellulose/GP/PPy films were
prepared by in situ chemical polymerization of PPy nano-
particles on the film surface. The structural characteristics and
properties of the composite films were investigated in detail.
The GP flakes, which were embedded in the cellulose matrix,
increased the thickness and decreased the density of the films,
leading to the decrement of mechanical properties. However,
the thermal stability of the films was significantly improved by the incorporation of graphite, and the composite film could even
substantially maintain the original shape after being burned. In addition, the electrical conductivity of the films was increased
seven times, leading to the excellent electromagnetic interference shielding effectiveness. The cellulose/GP/PPy film could be
considered as a potential candidate for the effective lightweight electromagnetic interference shielding materials in electronics,
radar evasion, aerospace, and other applications.
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1. INTRODUCTION

The discovery of conductivity polymers demonstrated that
organic polymers are substitutes for semiconductors and
metallic conductors.1 The most promising conductive poly-
mers, including polythiophene (PT), polyaniline (PANI),
polypyrrole (PPy), poly(3,4-ethylenedioxythiophene)
(PEDOT) and poly phenylenevinylene (PPV), have been
used in the applications of sensors, bioelectronics, energy
storage devices, dye-sensitized solar cells, CO2 capture and
water treatment materials, due to their relatively high electron
conductivity and stability in oxidized state.2−6 Among the
available conductive polymers, PPy has attracted significant
attention because of its facile synthesis in both organic and
aqueous media, excellent ion-exchange properties, good
electroconductibility at room temperature (varying from 10−4

to 102 s cm−1) and the ability to efficiently switch between the
redox states.7 PPy film can be prepared from electrochemical
polymerization of pyrrole (Py); however, it is not feasible for
large-scale applications due to the limited area of electrodes.8

The oxidative chemical polymerization of Py in aqueous or
nonaqueous media commonly employed ferric chloride (FeCl3)
as an oxidant and doping agent.9 The obtained PPy powder is
normally brittle, indissoluble in most solvents, and hard to be
compacted or heat annealed, leading to the poor mechanical
properties and processability. Therefore, Py is often directly

polymerized on various substrate materials to overcome these
problems.10

In recent years, composites materials based on conductive
polymers and cellulose have aroused great interest because of
the environmental friendliness and cost effectiveness of
cellulose.11 As the most abundant natural polymer on earth,
cellulose can be derived from annual plants, agricultural
byproducts, and woods. Due to the development of solvents
for cellulose, the intermolecular and intramolecular hydrogen
bonds between cellulose chains can be destroyed and
rearranged to form membrane, film, fiber, hydrogel, aerogel,
and other materials. Various forms of cellulose, such as filter
paper,12 wood cellulose fibers,13 bacterial cellulose,14 nano-
fibrillated cellulose,11 nanocrystal cellulose,15 cellulose aero-
gels,16 and cellulose derivatives,17,18 have been used as
templates and coated with PPy by in situ oxidative polymer-
ization or chemical vapor deposition to prepare conductive
composites for self-powered drug delivery,19 energy stor-
age,20−22 nerve regeneration,16 and other applications.18

These materials combine the electrical properties of conductive
polymers with the unique properties of cellulose. In addition,
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special chemicals can be added into the cellulose/PPy
composites to induce extra performance. For example, the
incorporation of silver nanoparticles improved the antimicrobial
property of cellulose/PPy composite,23 and the coating of
active metals on the drug-contained PPy-cellulose film made
the drug autonomously released.19

In this work, graphite powder (GP) was introduced into
cellulose/PPy films to increase their conductivity and thermal
stability. The GP was added before the dissolution of cellulose
in ionic liquid, 1-butyl-3-methylimidazolium chloride ([Bmim]-
Cl), and PPy was then synthesized on the surface of the casted
and regenerated cellulose/GP film through the vapor-phase
deposition process. The structural characteristics of the
obtained composite films were investigated by X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectra, scanning
electron microscopy (SEM), and atomic force microscopy
(AFM). The mechanical properties, thermal stability, con-
ductivity and electromagnetic interference shielding effective-
ness of the composite films were also studied in detail. This
study provided a promising method to improve the thermal
stability and conductivity of the cellulose/PPy composite films.

2. EXPERIMENTAL SECTION
2.1. Materials. Cotton linter pulp with α-cellulose content of more

than 95% was supplied by Hubei Chemical Fiber Co. Ltd. (Hubei
Province, China). Its weight-average molecular weight (Mw = 768 810
Da) and number-average molecular weight (Mn = 342 790 Da) were
determined by gel permeation chromatography (GPC; Agilent 1200
series, Santa Clara, CA) according to a previous literature procedure.24

GP with particle size of 300 mesh was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Pyrrole monomer (Py,
98%) was also purchased from Sinopharm Chemical Reagent Co., Ltd.,
and purified by vacuum distillation before use. The ionic liquid,
[Bmim]Cl (purity ≥99%), was purchased from Lanzhou Institute of
Chemical Physics (Lanzhou, China) with a water content of less than
0.9%. Ferric chloride (FeCl3) and other chemicals were of analytical
grade and used without further purification. The PPy powder was
prepared by polymerization of Py in FeCl3 aqueous solution according
to a previous method.20

2.2. Preparation of Cellulose/GP Composite Films. First, 19.2
g [Bmim]Cl was added into a three-necked glass flask (50 mL)
equipped with a mechanical stirrer, and heated at 100 °C with an oil
bath under nitrogen atmosphere until a homogeneous solution was
formed. Certain amount of GP (0, 0.08, 0.24, 0.4, 0.56, 0.8, 1.04, 1.28,
and 1.6 g, respectively) was dispersed in the solvent by vigorous
stirring for 20 min. Then, 0.8 g cotton linter pulp was carefully added

into the mixture at 100 °C with further stirring until the pulp was
completely dissolved. The obtained mixture was degassed under
vacuum and then casted on a glass plate with a thickness of 0.56 mm.
The plate was briefly placed in an oven at 70 °C to smooth the surface
and then immediately immersed into a water bath at room
temperature to coagulate and regenerate. After being washed several
times with water, the regenerated film was sandwiched between filter
papers and pressed under a certain pressure to remove the water and
prevent shrinkage. The filter papers were replaced several times until
the GP-cellulose composite film was dried. The obtained films were
labeled as C0, C10, C30, C50, C70, C100, C130, C160, and C200, respectively,
in which the subscript represents the percent of GP based on the
weight of cotton linter pulp in the film.

2.3. In Situ Chemical Deposition of PPy on Cellulose/GP
Films. The cellulose/GP composite films were impregnated in 2.0
mol/L FeCl3 aqueous solution for 1 h, and then exposed to Py vapor
in equilibrium with Py liquid inside a vacuum vessel. After the in situ
polymerization for 10 min under reduced pressure (−0.1 MPa), the
films were removed from the vessel and washed throughout with
acetone and water. The films were then subjected to ultrasound for 5
min to remove the dissociative and loosely bound PPy, followed by
being sandwiched between filter papers to dry as mentioned above.
The films were labeled as P0, P10, P30, P50, P70, P100, P130, P160, and P200,
respectively, and conditioned at 65% relative humidity (RH) and 20
°C for 24 h before the performance testing. (The preparation process
of the composite films is shown in the Supporting Information Figure
S1).

2.4. Characterization. The XRD patterns of the films were
measured on a XRD-6000 instrument (Shimadzu, Japan) with Ni-
filtered CuKα radiation (χ = 1.542 Å) generated at 40 kV and 30 mA,
and recorded from 5 to 60° (2θ) with a scanning speed of 0.2°/min.
The FTIR spectra of the composite films were carried out on a
Thermo Scientific Nicolet iN10 FTIR Microscope (Thermo Nicolet
Corp., Madison, WI) in the mode of attenuated total reflection (ATR)
with a pressure control accessory, and recorded in the range from 4000
to 670 cm−1 with 128 scansions per sample at a resolution of 4 cm−1.

The morphologic characteristics were observed by a Hitachi S-
3400N scanning electron microscopy (Hitachi, Japan) at acceleration
voltages of 5 kV. The films were sputtered with gold using a sputter
coater (E-1010, Hitachi, Japan) prior to the examination. The three-
dimensional (3D) nanoscale topography of the film surface was
measured using a Nanoscope IIIa multimode scanning probe
microscope (Digital Instruments, Inc., Tonawanda, NY). The AFM
images were scanned using tapping mode regime in air at room
temperature with silicon cantilevers. The images were only flattened
without any other processing.

2.5. Performance Testing. The thickness of the films was
measured with a digital caliper, and the measurement was carried out

Figure 1. Optical microscopic images of cotton linter pulp before and after being dissolved in (A1, A2) [Bmim]Cl and (B1, B2) [Bmim]Cl/graphite
(GP); (insets) digital photos of the solutions (scale bar, 50 um); and (C) the digital photos of the obtained films.
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at 10 different positions of the film. The tensile strength, elongation at
break, and initial modulus of the films were tested using a universal
tensile tester (UTM6503, Shenzhen Suns Technology Stock Co., Ltd.,
China). The wet strength of the films were measured at the same
conditions after the films being soaked in water for 1 h.
The electrical resistivity of the films was measured by a RTS-8 four-

point probe system (Shenzhen Four Probes Tech Co. Ltd., China)
with copper electrodes arranged in a straight line. To control the
moisture content of the conductive films and make the results
comparable, the films were preconditioned at 20 ± 1 °C and 67%
relative humidity (RH) for 24 h and measured at the same
environment. The average electrical resistivity was calculated from
10 measurements from both front and back side, and the conductivity
was computed using σ = 1/ρ.
The amount of PPy deposited on the film surface, expressed as A

(g/m2) was determined according to the following equation:

=
−

A
W W

S
0

(1)

where, W0 and W are the weight of the film before and after PPy
deposition, and S is the surface area of the film.
The electromagnetic interference (EMI) shielding effectiveness

(SE) of the films were measured at room temperature in the frequency
range of 30 MHz to 1.5 GHz on a flanged coaxial electromagnetic
interference shielding effectiveness tester (DR-S02, EMC Technology
Company, China) and a vector network analyzer (NA7300A, Deviser
Company, China) according to the method of ASTM D 4935−10.
The thermal properties of the films were investigated by

thermogravimetric analyses (TGA). The TGA measurements were
performed on DTG-60 (Shimadzu, Japan) simultaneous DTA-TG
apparatus at a heating rate of 10 °C/min from 40 to 800 °C under
inert nitrogen gas atmosphere. The flame resistance test of the films
was carried out by directly burning the films for 10 s in the flam of
alcohol burner, referring to the standard test method EN ISO 15025.
The state of the films during burning process was recorded by
photographs.

3. RESULTS AND DISCUSSION
[Bmim]Cl is a nonderivative solvent for cellulose.25 The cotton
linter pulp could be completely dissolved in [Bmim]Cl even
with the dispersed GP (Figure 1,A,B), indicating that the
addition of GP had no effect on the dissolution of cellulose. In
addition, nearly no isolated GP particles were found in the
coagulating bath or washing water during the spinning process,
suggesting that the GP particles were almost completely
trapped within the regenerated cellulose network. The obtained
cellulose film was colorless and transparent, while the cellulose/
GP composite film was gray and opaque. The black films were
finally obtained after the in situ chemical deposition process,
confirming the successful polymerization of PPy. In compar-
ison, the cellulose/PPy film exhibited a glossy surface, and the
cellulose/GP/PPy composite film had a rough surface, probably
due to the incorporation of GP (Figure 1,C).
3.1. Chemical Structure and Morphology of the

Composite Films. The typical XRD pattern of cellulose II
was clearly reflected in the cellulose film (C0; Figure 2).26 In
comparison, the pure PPy powder had a broad diffraction peak
around 26.6°, signifying an amorphous phase.21 The cellulose/
PPy composite film (P0) exhibited a similar XRD pattern to
PPy, and the peaks for cellulose almost disappeared, implying
the complete coating of PPy on the surface of cellulose. The
strong diffraction peaks of GP were observed at 23.9, 26.5, and
54.6°, in which a clear shift of the peak at 26.5−26.2°,
corresponding to the (002) diffraction plane of GP, was
detected in C200 and P200, indicating the successful preparation
of the composite films.27

The FT-IR spectra of the cellulose film (C0) exhibited the
characteristic absorption of cellulose (Figure 3),28 and the

similar spectrum of film C200 was also observed, suggesting that
the characteristic peaks of GP were overlapped and difficult to
be identified. For the film P200, the peak at 1520 cm−1 is
assigned to a mixed CC and inter-ring C−C vibration of PPy
units, and the peak at 1439 cm−1 is related to C−N stretching
vibration in the Py ring. The other two typical peaks of Py, one
at 1281 cm−1 for the C−H in-plane ring bending modes and
another at 1126 cm−1 for the C−N in-plane ring deformation
and bending modes, were also clearly classified. In contrast, the
characteristic absorptions of cellulose in film P200 are weakened
or almost disappear, indicating that the film was completely
wrapped by PPy. No new peaks were observed from the
composite films, suggesting that no new chemical bonds were
formed between them during the synthesis process.
From the morphological analysis, the cellulose/PPy film (P0)

showed the flat surface and compact cross-sectional structure,
while the films P10, P50, P100, and P200 were rough and had a
layered structure (Figure S2, SI). GP flakes with size of several
tens of microns could be clearly observed on the surface and in
the interior of these films, indicating that the GP flakes were

Figure 2. XRD patterns of GP, PPy powder, cellulose film (C0),
cellulose/PPy film (P0), cellulose/GP film (C200), and cellulose/GP/
PPy film (P200).

Figure 3. FT-IR spectra of the films C0, C200, and P200.
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not removed during the coagulating and washing processes,
probably ascribing to the connections between GP and
cellulose. In addition, the thickness of the obtained films
were only 10−100 μm, although all the solutions were casted
with a fixed thickness of 560 μm. This phenomenon could be
probably attributed to the removal of solvents and the
recombination of cellulose chains during the regenerating and
drying processes. The addition of GP flakes raised the
concentration of the solutions and hindered the recombination
of some cellulose chains, resulting in the thickness of the
composite films increasing with the increasing content of GP.
According to the high-magnification SEM image for the cross
section of composite film P200 (Figure 4a), the GP flakes were
embedded in the cellulose matrix. The voids in the film
certainly resulted from the bending and curling of GP flakes
since the complete dispersion of GP flakes was hardly realized
in [Bmim]Cl solvent with high viscosity. This distribution of
GP also influenced the mechanical and conductive properties of
the films, which will be discussed later. It can be also observed
that the film surface was covered uniformly with small particles.
The nanoscale topography for the surface of the cellulose film
(C0) and cellulose/GP/PPy film (P200) were investigated by
AFM (Figure 4b,c). The surface of C0 revealed lots of
nanopores with a diameter less than 100 nm, which was
supposed to be formed during the diffusion of ionic liquid and
water in the coagulation bath. The surface of P200 (Figure 4c)
was covered by nanoparticles around 100 nm in diameter.
Combining with the results from FT-IR analysis, these
nanoparticles are PPy synthesized by the chemical vapor
deposition method. Although the PPy nanoparticles filled the
pores on cellulose film surface, the roughness RMS (Rq) value
of film P200 surface (22.5 nm) was much higher than that of C0
(3.96 nm), confirming that the incorporation of GP flakes
decreased the surface smoothness of the cellulose films.
3.2. Mechanical and Thermal Properties. PPy con-

ductive polymer has poor mechanical integrity and is hard to be
shaped, which could be overcome by the utilization of cellulose
template.16 Direct synthesis of PPy on the surface of cellulose
template is a low-polluting process to improve the mechanical
properties.29 In this study, the cellulose/PPy composite film has
high mechanical properties due to the robust cellulose film
substrate. However, the tensile strength, and Young modulus of
these films were significantly decreased from 158 to 66 MPa
and 3.4 to 1.6 GPa, respectively, with the increasing GP content
from 0 to 30 wt % (based on the mass of cellulose; Table 1). As
the content of GP was increased to higher than 30 wt %, the
downward trend of tensile strength and Young’s modulus of the
composite films was slowed down. In comparison, the
elongation at break of the composite films was linearly
decreased with the increase of GP content. These mechanical
properties of the composite films were probably related to the
stiffness of the GP flakes and the weak connection between GP
flakes and cellulose. As it had been reported that few hydroxyl
groups are existed on the surface of GP flakes,30 the
incorporation of GP flakes into the cellulose matrix destroyed
the compact cellulose hydrogen bond network, which led to the
decrement of film strength. Meanwhile, the elongation at break
of the films was decreased due to the inextensibility of GP
flakes. However, the mechanical properties of these composite
films were comparable to the graphene oxide/cellulose
carbamate composite films (tensile strength of 27−78 MPa
and Young’s modulus of 0.35−1.56 GPa),31 which was
probably attributed to the compact structure of the cellulose

matrix. Additionally, the wet strength of composite films was
also measured after being soaked in water for 1 h (Table 1).
Although the tensile strength and Young’s modulus of the films
were decreased, the values of elongation at break were
significantly increased. With the increment of GP content in
the films, the retention rate of strength in wet condition
increased from 20.4% (P0) to 49.4% (P200), while the rate of
increase in elongation at break was lowered down from 3.5
times (P0) to 1.0 times (P200), suggesting that the incorporation
of GP could help to increase the wet strength of the films.
Furthermore, the cellulose/GP/PPy composite film could be
washed in water like cloth without any dissociation (Supporting
Information, Video S1), illustrating its excellent laundry-

Figure 4. (a) Enlarged cross-sectional SEM image of film P200, and the
AMF images for the surface of film (b) C0 and (c) P200.
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resistance. Therefore, these conductive composite films have
much wider applications as compared with the traditional
conductive papers.
From the thermogravimetric analyses of the materials and

films (Figure 5), the GP powder showed no weight loss until

the temperature reached to 600 °C, and the residual weight was
more than 75% after being experienced to 800 °C, indicating
the excellent thermal stability. The significant weight loss
(about 70%) of film C0 was occurred around 300−350 °C.
However, the weight loss of film C50 and C200 in the same
temperature range were reduced to 50 and 22%, respectively,

due to the addition of GP to cellulose matrix. The thermal
degradation of PPy powder could be divided into three
stages:20 the low-molecular weight Py oligomers and water
were first released below 100 °C; the counterions were
degraded between 100 and 315 °C; the degradation of PPy
backbone was occurred above 315 °C, and half of the weight
was remained at 800 °C. The chemical deposition of PPy on
the surface of cellulose and cellulose/GP composite films
reduced the onset degradation temperature from 300 to around
200 °C, which was probably attributed to the interactions
between cellulose and PPy.32 However, it is noteworthy that
the thermal stability of the composite films was greatly
improved by coating PPy. No weight loss was obviously
observed throughout the heating process, and the final residue
weights were increased by 15−40%. This could be probably
attribute to the dense carbon char layer formed by the thermal
degradation of PPy coating, which might prevent the
decomposition of cellulose and graphite at high temperature
and promote the heat transfer of the films, leading to the
improvement of thermal stability.
The flame resistance test was conducted by burning the films

in flame for 10 s (Figure 6). PPy has been extensively used as
an effective antiflammable coating for cotton, silk, PET and
epoxy resin to improve the flame resistance of these
substrates.33−35 This improvement was probably attributed to
the high stability of the conjugated structure of PPy backbone
and the strong interaction between PPy and substrates.36 In this
study, the film P0 was only shrunk without being burned into
ashes, indicating that PPy is a good flame retardant. The natural
GP flake also has excellent thermal properties due to its
preferential crystalline orientation and high degree of
graphitization,37 and it has been used to enhance the thermal
properties of paraffin/polyethylene composite materials and
polyurethane nanofibers.38,39 However, the film C200 with 200%
GP addition was finally burned into fragments, which was
probably ascribe to the fact that the GP flakes were embedded
in the cellulose matrix and dropped out as cellulose was
completely thermal degraded. It is worth noting that the film
P200 was able to substantially maintain the original shape after
being burned, indicating that the PPy coating acted as a
protective layer, which isolates the oxygen, inhibits the thermal
degradation of cellulose and prevents the fragmentation of GP.
Therefore, these composite films could be used in wider
applications due to their flame-retardant, heat-shielding and not
melting characteristics.

Table 1. Tensile Strength, Elongation at Break and Young’s Modulus of the Cellulose/GP/PPy Films with Different Contents of
GP in Dry and Wet Conditions

mechanical property in dry conditiona mechanical property in wet condition

samples σb (MPa) εb (%) E (GPa) σb (MPa) εb (%) E (GPa)

P0 158.0 (5.1)b 10.6 (0.7) 3.36 (0.13) 32.2 (2.7) 37.5 (4.6) 0.44 (0.06)
P10 90.8 (4.8) 10.0 (0.5) 2.30 (0.10) 26.7 (2.4) 33.9 (3.2) 0.53 (0.08)
P30 66.4 (4.2) 9.4 (0.6) 1.63 (0.08) 21.9 (2.2) 23.4 (3.8) 0.71 (0.06)
P50 61.9 (4.1) 7.2 (0.6) 1.43 (0.06) 18.5 (1.9) 14.8 (3.3) 0.84 (0.07)
P70 42.8 (3.9) 6.0 (0.5) 1.06 (0.06) 14.3 (1.7) 8.6 (2.9) 0.46 (0.05)
P100 36.7 (3.6) 5.2 (0.5) 1.22 (0.08) 11.7 (2.3) 7.4 (2.6) 0.72 (0.08)
P130 34.3 (3.5) 4.0 (0.4) 1.30 (0.08) 13.7 (1.8) 6.3 (2.1) 0.56 (0.06)
P160 32.7 (3.6) 3.9 (0.5) 17.06 (0.07) 12.9 (1.6) 4.5 (1.8) 0.58 (0.06)
P200 23.7 (3.2) 3.3 (0.4) 1.01 (0.06) 11.7 (1.2) 3.4 (1.6) 0.67 (0.07)

aσb, εb, and E are the tensile strength, elongation at break, and Young’s modulus of the composite films under stretching model, respectively. bValues
in parentheses are the standard errors.

Figure 5. TGA/DTG analysis of the PPy, GP, C0, and composite films
P0, C50, P50, C200, and P200.
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3.3. Electoral Conductivity and Electromagnetic
Interference Shielding Effectiveness. As known, cellulose
was nonconductive materials and GP has good electrical
conductivity. However, in this study, the electroconductibility
of the cellulose/GP composite films were not improved by the
addition of GP. As intuitively reflected in the inserted photo
images in Figure 7, the light emitting diode (LED) lamp was
not bright when a portion of the wire was replaced by the
cellulose/GP film C200. The probable reason for the high
resistivity of the composite film was that the GP flakes were
isolated and wrapped by the cellulose network matrix (Figure
4a), and this discontinuity of the GP flakes hindered the
conduction of electrons. Clearly, the chemical deposition of
PPy significantly increased the electrical conductivity of the
composite films. During the polymerization of PPy, FeCl3 is
used both as an oxidant and a dopant. The Fe(III) oxidizes the
Py monomer to a radical monomer, which could be rapidly
coupled to form a dimer, and PPy chains are finally formed by
the deprotonation of bipyrrole and the chain propagation.40

Meanwhile, the Cl− acts as a doping ion, which incorporates
into the PPy and lowers the boundary π-levels of the PPy
backbone by removing the π-electrons from the upper zone of
the valence band, leading to the conductivity of PPy.41 Thereby,
the LED lamp was faintly lighted with taking the cellulose/PPy
film (P0) as part of the wire. Due to the lightweight, conductive
and porous structure of GP, PPy/GP composites have been
prepared to enhance the conductive performance.42,43 In this

study, the conductivity of the cellulose/GP/PPy composite
films were increased with the increasing content of GP. The
film with 10% GP (P10) had a conductivity of 0.10 S cm−1, and
which increased to 0.55 S cm−1 as 200% GP was added (P200).
It should be pointed out that the increment of the conductivity
could not be attributed to the conductivity of GP, because the
GP flakes were discontinuous in the composite films just as
discussed above. However, the SEM and AFM images (Figure
S1, SI, and Figure 4) revealed that the GP flakes increased the
roughness of the cellulose/GP composite films, thus it is
reasonable to assume that more FeCl3 could be reserved on the
cellulose/GP film surface during the soaking process,
promoting the deposition of PPy. This has been confirmed
by measuring the amount of deposited PPy, which gradually
increased from 4.3 to 9.8 g/m2 with the GP content from 0 to
200% (Figure 7). The conductivities of the obtained cellulose/
GP/PPy composite films are comparable to the PPy coated
conductive paper prepared by vapor-phase method (about 0.5 S
cm−1)12 and the cellulose/PPy conducive paper composite
prepared by in situ polymerization method (about 0.3 S
cm−1).13 Furthermore, the cellulose/GP/PPy composite films
had excellent flexibility. The film even with a GP content of
100% (based on the weight of cellulose) could be twisted and
folded without damage, and the LED lamp flashed well under
these conditions.
From the electromagnetic interference shielding effectiveness

(EMI SE) test of the films (Figure 8a), the cellulose film C0
showed no electromagnetic shielding performance, which was
significantly improved by the addition of GP. When the content
of GP increased from 100 to 200%, the EMI SE of the
cellulose/GP films raised from 7 to 18 dB. This improvement
was attributed mainly to the excellent electromagnetic shielding
performance of GP, which has been widely used to prepare
efficient electromagnetic interference shielding materials.44,45

The EMI SE of these films was further improved by the surface
chemical deposition of PPy. The cellulose/PPy film P0 had an
EMI SE of around 12 dB and the cellulose/GP/PPy film P200
exhibited an EMI SE value as high as 30 dB, indicating that
both GP and PPy played an important role in electromagnetic
shielding of the films. The principle of the films’ EMI SE
performance could be described as follows (Figure 8b). The
electromagnetic microwave was reflected from the film surface

Figure 6. Photographs of the films P0, C200, and P200 after being
burned for 1, 5, and 10 s.

Figure 7. Conductivity and the amount of deposited PPy (A) on the
composite films with different contents of GP, inset is the lighting of
an LED using film (a) C200, (b) P0, (c) P50, and (d−f) P100 as part of
the wire.
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due to the impedance mismatch between PPy and air.
Meanwhile, the electromagnetic energy was absorbed by the
PPy and GP, resulting in the energy dissipation of electro-
magnetic microwave. On the other hand, the multiple internal
reflection of electromagnetic radiation was occurred between
the PPy coating and GP flakes because of the inhomogeneity of
scattering effect within the films. Therefore, the EMI SE
performance of the composite film was originated from the
combination of the above three effects. As the cellulose/GP/
PPy films possessed excellent thermal stability, low density,
good mechanical and conductive properties, they could be
considered as potential candidates for effective lightweight
electromagnetic interference shielding materials in electronics,
radar evasion, aerospace, and other applications.

4. CONCLUSIONS
In this study, GP powder was successfully introduced into the
cellulose/PPy composite films to improve their electrical
conductivity and thermal stability. The dissolution of cellulose
was not influenced by the addition of GP. The XRD and FT-IR
analysis confirmed the chemical structure of the composite
films. The SEM and AFM images showed that the GP flakes
were embedded in the cellulose matrix and the PPy
nanoparticles covered the surface of the films. Although the
mechanical properties of the films were decreased due to the
incorporation of GP, the electoral conductivity was increased
from 0.08 to 0.55 S cm−1, the electromagnetic interference
shielding effectiveness was improved from 12 to 30 dB, and the
weight loss at 800 °C reduced from 72 to 27%. These
composite films may have potential applications in electronics,
radar evasion, and aerospace.
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