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Abstract: A flexible filter paper based composite electrode was prepared via the convenient one-step
synthesis of silver doped graphene for the first time, followed by in-situ polymerization of aniline
monomers. Using L-ascorbic acid for simultaneous reduction of grapheme oxide and silver nitrate,
we provided a new and green method to prepare graphene hybrid sheets without toxicity. It was found
that the as-fabricated hybrid electrode formed a three-dimensional porous architecture, which not only
increased the specific surface area of composite, but also facilitated the ion diffusion of the electrolyte.
In addition, according to the tests of electrochemical performances, the flexible hybrid electrode
subsequently exhibited exceptional specific capacitance of 437.3 F/g, energy density of 1133.5 W·h/kg
and power density of 88.8 kW/kg, respectively. Meanwhile, the as-prepared hybrid demonstrated a
good cycling stability with only 10.99% specific capacitance deterioration after 5000 times of cycling.
This preparation technology presented here shows great potential for the development and application
of wearable and portable energy storage devices, particularly for flexible supercapacitors. Moreover,
this study puts forward a general, simple and low-cost route of fabricating a novel flexible electrode
on a large scale, eventually for environmental protection.
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1. Introduction

With the aggravation of environmental pollution and the over exploitation of natural resources,
the development and utilization of renewable energy has aroused extensive attention and research
throughout the world. Among numerous energy storage systems, the supercapacitor is the most
promising device by virtue of its excellent properties [1–4]. Generally, depending on the charge
storage mechanisms, supercapacitors can be divided into two general categories: Electric double
layer capacitors (EDLCs) and faradaic pseudocapacitors [5,6]. For EDLCs, capacitance relies on the
charge accumulation of the ions absorbed from the electrolyte through electrostatic force. Carbon
nanomaterials (e.g., carbon nanotubes and graphene) with large surface area and high activity are
the most popular materials for EDLC electrodes in recent years [7]. However, pseudocapacitance
depends on the reversible redox reactions taking place on the surface of the electrode. There are
two types of materials that can be used for pseudocapacitors. These are transition metal oxides
(e.g., manganese dioxide) and conductive polymers (e.g., polyaniline), respectively [8]. In order to
combine the advantages of EDLCs and pseudocapacitors, hybrid supercapacitors were fabricated by
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using the carbon nanomaterial/metal oxide/ polyaniline composite as electrodes [9–11]. Owing to
the development of portable and wearable technology, electronic devices with good flexibility and
low cost are increasingly being sought after because of the excellent electrochemical performances
upon mechanical bending [12–15]. Recent years have witnessed the great efforts of researchers to
develop and find the low-cost and simple technology of preparing flexible, lightweight and ultrathin
substrates, which is considered as one of the crucial steps in preparing flexible supercapacitors with
high performances [16,17].

Among the numerous flexible substrates, paper, with its significant advantages of low cost, good
flexibility as well as environmental-friendly properties; enables some novel and interesting applications,
such as wearable devices. Generally, paper-based supercapacitors rely primarily on the hybrid of
conductive and active materials with cellulose fibers as matrix, forming a crosslinked network structure,
which could improve the strength, toughness and other properties. Combined with electrochemical
activities (graphene, carbon nanotubes, polyaniline and polypyrole), the modified cellulose fibers of
paper are beneficial to the surface area, and contact between electrode, electrolyte and large pore size is
in favor of electrolyte transport.

Due to the spatial interconnected and porous structure, dropped filter paper (FP), one of the
recyclable papers generated by daily chemical experiments, is becoming a more and more competitive
candidate for flexible supercapacitor-making at present [18,19]. Similar to other papers, the filter paper
mainly composes of cellulose fibers with a three-dimensional hierarchical architecture. Particularly, in
comparison with other common flexible substrates, filter paper has large surface roughness, better
absorbability and porousness, which shows great superiority for some applications, such as for many
energy devices in which large surface roughness is in need. People can also utilize the porosity of FP
to prepare a cellulose fiber-based composite by soaking with chemical active materials.

However, like other paper-based supercapacitors, the low electrochemical activity and poor
electrical conductivity of FP seriously hindered the development and application in portable and
wearable electric devices. To overcome this drawback, it is of great significance to explore new
modification methods of paper-based substrates. The most frequently used way is to deposit
various carbon nanomaterials on the surfaces of cellulose paper, which can improve electrochemical
performances remarkably [20]. Another straightforward approach is to prepare metallic nanoparticles to
increase the conductivity of paper-based substrates. Graphene, a two-dimensional honeycomb-shaped
sheet of carbon atoms, has attracted great research interest in material science because of its excellent
chemical–physical, optical, electrical and other properties, which make it widely used in supercapacitors,
display screens, solar cells, batteries and electrical circuits [21–24]. Polyaniline (PANI) is one of the
typical conducting polymers with high conductivity, superior electrical redox properties, high specific
capacitance and good stability [25,26]. Combining the excellent properties of PANI and graphene,
high performance graphene/PANI composites have gained considerable attention in preparing flexible
hybrid supercapacitors under effective, economic and environmentally friendly conditions [27–29].
Cong et al. prepared a paper-like graphene-PANI composite with high flexibility by a facile method.
The results showed excellent electrochemical performances with an enhanced specific capacitance of
763 F/g and 82% capacity retention after 1000 cycles [30]. In the present scenario, different types of
nanometallic materials have been employed to prepare flexible nanocomposites for supercapacitors
because of its unique structure and extraordinary properties. Zhang et al. successfully fabricated a
flexible Ni/MnO2-filter paper electrode with filter paper as a substrate. The areal specific capacitance
of the as-prepared electrode reaches to 1900 mF/cm2 at a scanning rate of 5 mV/s [18]. Among the
common metal materials, silver nanoparticles have been frequently investigated because of their high
conductivity, simple preparation and good environmental stabilities. Zhi et al. coated the ordered
mesoporous carbon on the surface of graphene foam, followed by the decoration with silver nanowires
on the composite. The unique structure of silver nanowires/3D-graphene foam/ordered mesoporous
carbon (Ag-GFOMC) exhibited an excellent specific capacitance of 213 F/g, energy density of 4.5 W
h/kg and power density of 5040 W/kg, respectively [31].
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Herein, in this paper, a three-dimensional flexible PANI/rGO/Ag/FP ultrathin electrode was
reported using a facile method. To start with, silver nanoparticles and the reduced graphene oxide
were grafted to the filter paper by a chemical reduction with L-ascorbic acid. Then polyaniline
nanostructures were prepared via situ polymerization at room temperature. X-ray diffraction, Raman
spectrum, scanning electron microscope and high-resolution transmission electronic microscope were
jointly employed to confirm the structure and morphology of PANI/rGO/Ag/FP hybrid, respectively.
The electrochemical results showed an excellent specific capacitance of 437.3 F/g, energy density of
1133.5 W h/kg and power density of 88.8 kW/kg, respectively. The reason for this was that the silver
nanoparticles, graphene and polyaniline combined with the porous filter paper produced synergistic
effects in the hybrid. Besides, the specific capacitance retention of flexible electrode was up to 89.01%
after 5000 cycles, indicating good cycling stability.

2. Materials and Methods

2.1. Materials

Graphite powder was procured by Risheng Graphite Ltd., Qingdao, China and the purity was
greater than 99%. Filter paper (FP), 36% concentrated hydrochloric acid (HCl), 98% concentrated
sulfuric acid (H2SO4), hydrogen peroxide (30%, H2O2), potassium permanganate (KMnO4), sodium
nitrate (NaNO3), silver nitrate (AgNO3) and L-ascorbic acid (L-AA) were all purchased from Sanpu
Fine Chemical Factory, Xi’an, China. All reagents were used as received.

2.2. Preparation of Graphene Oxide

Prior to the synthesis of electrochemical active substances on FP substrate, graphene oxide (GO)
was prepared via the modified Hummers method by using natural graphite as raw material [32–34].
Then the obtained GO sheet was ground into a fine powder to make up of 0.2 mg/mL GO solution.
Under the presence of ultrasound for 6 h, a uniform and well dispersed solution of GO was prepared.

2.3. Preparation of Flexible GO/AgNO3/FP Composite Film

The first step in preparing GO/AgNO3/FP hybrid was to cut FP into a piece of 3 cm × 1 cm in
size and mark it to serve as flexible substrate. Afterwards, the pre-cut samples were immersed in
0.1 mol/L AgNO3 solution prepared beforehand for 20 min and dried at room temperature. Then
the FP cuttings impregnated with AgNO3 were put into 0.2 mg/mL GO suspension to adhere GO to
the surface. After that, they were dried under vacuum. The procedures above with the alternative
utilization of AgNO3 and GO mixture were repeated, respectively. The GO/AgNO3/FP hybrids were
synthesized successfully after 20 cycles. Step 1 of Figure 1 provides an illustration to understand the
procedures of preparation of flexible GO/AgNO3/FP composite film.
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2.4. Preparation of Flexible rGO/Ag/FP Composite Film

The reduction reaction was carried out by L-AA at room temperature. First of all, the GO/AgNO3/FP
samples were treated with 0.1 mg/mL L-AA solution until the surface turned brownish black. After
several times of vacuum drying and water washing, the as-prepared reduced GO (rGO)/Ag/FP
composite presented a silky-black color with uniformly distributed and ultrafine silvery highlights.
The preparation process can be seen in Step 2 of Figure 1.

2.5. Preparation of Flexible PANI/rGO/Ag/FP Composite Film

Firstly, the as-prepared rGO/Ag/FP films were immersed in 0.2 M aniline and 1 M hydrochloride
mixed aqueous solution for a while before polymerization. Then the standard oxidant of ammonium
persulfate (0.25 M) in aqueous medium was poured into the above mixture to prepare PANI. Finally, after
washing and drying for several times, PANI was successfully synthesized on the surface of rGO/Ag/FP
composite. Figure 1 shows a schematic illustration of fabricating the flexible PANI/rGO/Ag/FP
hybrid film.

2.6. Characterization

The chemical compositions of the samples were characterized by X-ray diffraction (XRD,
D8-advance, Bruker, Cu-Kα, λ = 1.5418 Å, Bremen, Germany) and Raman spectroscope (Jobin
Yvon LabRam HR800, France), respectively. Besides, the scanning electron microscopy (SEM, Hitachi
S-5200, Tokyo, Japan) and high-resolution transmission electron microscopy (TEM, Hitachi H-7650,
Tokyo, Japan) were employed to investigate the morphological properties and microstructures of the
samples. The electrochemical performances of the as-synthesized electrode hybrids were characterized
by an electrochemical workstation (CHI660 C, ChenHua Co., Ltd, Shanghai, China). The cyclic
voltammetry (CV) measurements were performed under the potential window of −0.2~1 V with
different scanning rates of 5, 10, 50 and 100 mV/s, respectively. The galvanostatic charge-discharge
(GCD) tests were carried out under the current density of 1 A/g, 2 A/g and 5 A/g, respectively. The
electrochemical impedance spectroscopy (EIS) technique was also used to study the reaction kinetics
of PANI/rGO/Ag/FP composite material in the frequency range from 10 mHz to 100 kHz.

The electrochemical tests were carried out in 1 M Li2SO4 aqueous solution with a two-electrode
system at room temperature. The as-prepared samples were directly used as the working electrode
and counter electrode, respectively. Meanwhile, the specific capacitance can be obtained from the CV
curves according to the calculation formula, below [35]:

Cm =

∫ V2

V1

IdV/2mν∆V (1)

where Cm is the specific capacitance, I is the galvanostatic discharge current, m is the total mass of the
active material in two electrodes, ν is the scanning rate during CV measurement and ∆V is the voltage
range, respectively.

Moreover, the energy densities and power densities were calculated by the equations as follows:

E = Cm∆V2/2 (2)

P = E/∆t (3)

where E is the energy density, P is the power density and ∆t is the discharge time during the
charge-discharge measurements, respectively.
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3. Results and Discussion

3.1. Structure and Morphology

The structure of the as-prepared hybrids was observed and investigated by means of XRD,
SEM and TEM. Figure 2a shows the XRD patterns of rGO/Ag/FP and PANI/rGO/Ag/FP composites,
respectively. Apparently, the results indicated that the prepared rGO/Ag/FP showed a broad intense
peak at around 26.6◦, which was corresponding with the hexagonal structure of graphene. In addition,
three weak diffraction peaks were also observed at 38.1◦, 44.5◦ and 64.5◦, suggesting the successful
preparation of silver nanoparticles by L-AA. As for the PANI/rGO/Ag/FP composite, the sharp dominant
peak at 25.1◦ was attributed to the reflection of PANI particles. After the formation of PANI, the
specified peaks of silver nanoparticles gradually became indistinct, the reason of which was that the
fresh layer of PANI covered on the surface of rGO/Ag/FP film had weakened the XRD characteristics
of them. Remarkably, the XRD pattern of the PANI/rGO/Ag/FP exhibited a peak similar to that of
rGO/Ag/FP hybrid. However, the central point of the peak moved forward and the span of it was
widened obviously, demonstrating the existence of PANI. In conjunction with XRD, Raman spectra of
the rGO/Ag/FP and PANI/rGO/Ag/FP hybrids were displayed in Figure 2b to make a comprehensive
analysis of the chemical bonding structure. As expected, typical Raman signals corresponding to
rGO were found from the two-target spectrum. Shown in Figure 2b, prominent peaks located around
1350 cm−1 and 1590 cm−1 were attributed to the D band and G band, respectively. It was worth noting
that the Raman spectra of PANI/rGO/Ag/FP composite also displayed two new peaks at 1165 cm−1 and
1503 cm−1, which suggested the formation of PANI on the surface of rGO/Ag/FP film [36,37]. Moreover,
the low intensity peak ranging from 600 cm−1 to 800 cm−1 was also assigned to the vibrations of PANI.
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Figure 2. (a) XRD patterns of rGO/Ag/FP and PANI/rGO/Ag/FP electrodes, respectively. (b) Raman
spectrum of rGO/Ag/FP and PANI/rGO/Ag/FP electrodes, respectively.

The structure and morphologies of the rGO/Ag/FP and PANI/rGO/Ag/FP composite materials
were further explored by SEM and TEM, respectively. As shown in Figure 3a, the star-like structure
of the silver particles were evenly decorated on the surface of rGO sheet with cellulose fibers as the
skeleton. It can be seen clearly that each fiber of the FP was encapsulated with rGO/Ag hybrid, forming
a three-dimensional electrochemical active structure, which was beneficial to produce more available
specific surface area. On one hand, this suggests that the three-dimensional and porous structure
possessed large electrochemical active surface area and facilitated the fast diffusion of ions in electrolyte,
which come about the enhancement of capacitive property of electrode. On the other hand, the fully
homogeneous wrapped rGO/Ag hybrid prepared by the reduction reaction can effectively increase
the electrical conductivities and electrochemical performances of the composite electrode compared
with the pure FP. The zoomed image of rGO/Ag/FP is presented in Figure 3b. This high power SEM
view shows that a wrinkled layer of rGO provided a dramatic backdrop to the small but brightly



Nanomaterials 2019, 9, 1434 6 of 12

silver particles display on the surface of rGO/Ag/FP hybrid. As shown in Figure 3c, after chemical
polymerization, a dense mass of PANI combined well with the rGO/Ag/FP hybrid, forming a whole
tightly. This indicated that the porosity of FP plays a very good role to be filled with activities, which
could obtain higher electrochemical performances as well as larger specific surface area. When focusing
on the cellulose fiber of the PANI/rGO/Ag/FP hybrid, it can be seen from Figure 3d that agglomerates
of granular appearance of PANI located near the surface of rGO/Ag encapsulated FP fibers or filled
the pores of the composite. Considering the mechanism of the synergistic effect of PANI/rGO/Ag/FP
hybrid, the mechanism of the synergistic effect of this combination technology indicated the unique
and outstanding electrochemical properties of the as-prepared electrode. Furthermore, the related
Energy dispersive X-ray Spectroscopy (EDS) spectrum (Figure 3d inset) indicated the C and N signal
from PANI as expected. The C, O and Ag signals came from the rGO and silver particles, respectively.
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To clearly observe the morphology of the as-synthesized electrode material, the TEM images of
PANI/rGO/Ag/FP hybrid are displayed in Figure 4. As revealed in Figure 4a, the transparent and
wrinkled rGO prepared by the reduction method exhibited a typical two-dimensional paper-like
structure with different number of layers stacking each other, which represented the intrinsic
morphology of graphene. Moreover, Figure 4b gives a clear image that many black blocks and
spots were significantly observed on the layered rGO sheets, indicating the morphology of PANI
agglomerates and uniform dispersed silver nanoparticles, respectively. It can be seen in Figure 4c
that the agglomerated PANI nanoparticles were in a spheroidal distribution with the diameter of
200~300 nm. A high-resolution TEM of rGO image in Figure 4d showed that the measured layer
spacing of rGO was 0.42 nm in the edge of the hybrid, which was in accordance with other reported
values [38–40].



Nanomaterials 2019, 9, 1434 7 of 12
Nanomaterials 2019, 9, x FOR PEER REVIEW 7 of 12 

 

 

Figure 4. TEM images of PANI/rGO/Ag/FP electrode. (a) TEM image of rGO; (b) TEM image of 
PANI/rGO/Ag; (c) TEM image of PANI/rGO; (d) TEM image of rGO. 

3.2. Electrochemical Performances 

The electrochemical performances of the as-fabricated PANI/rGO/Ag/FP hybrids were studied 
systematically by CV, GCD and EIS methods, respectively. For comparative analysis, the capacitive 
properties of the rGO/Ag/FP composites were also investigated under the same testing conditions. 
The CV curves of PANI/rGO/Ag/FP and rGO/Ag/FP hybrids at the same scanning rate of 50 mV/s 
are shown in Figure 5a, respectively. By contrast, the CV curves of PANI/rGO/Ag/FP and rGO/Ag/FP 
composites differed greatly. Apparently, the CV curve of rGO/Ag/FP displayed a near rectangle in 
shape and no redox peaks of rGO/Ag/FP hybrid were observed, implying a typical double layer 
capacitance. However, that of PANI/rGO/Ag/FP behaved a dramatic pseudocapacitance with a 
couple of sensitive and reversible redox peaks, which were assigned to leucoemeraldine-EB (A1/C1) 
and EB-pernigraniline (A2/C2) transformation of PANI [41]. Besides, the absolute area of the CV 
curve of PANI/rGO/Ag/FP composite was significantly greater than that of rGO/Ag/FP, 
demonstrating a higher specific capacitance of PANI/rGO/Ag/FP. The first reason for this can be put 
down to the high pseudo-capacitance energy storage characteristic and good conductivity of PANI 
formed on the surface of rGO/Ag/FP composite. The other reason was that the hybrid electrode of 
PANI/rGO/Ag/FP results in a synergistic effect happened among PANI, rGO and Ag particles. Figure 
5b,c display the CV curves of rGO/Ag/FP and PANI/rGO/Ag/FP under different scanning rates of 5 
mV/s, 10 mV/s 50 mV/s and 100 mV/s, respectively. It was obvious that few changes have been 
observed on the CV curves of rGO/Ag/FP and PANI/rGO/Ag/FP hybrid with the scanning rates 
increasing, which suggested the rate performance of PANI/rGO/Ag/FP was as good as the almost 
ideal supercapacitor of rGO/Ag/FP composite. It was worth noting that the oxidation peaks of the 
PANI/rGO/Ag/FP hybrid shifted towards a positive direction, but the reduction peaks moved 
negatively as the scanning speed increased. The redox peaks were still clearly visible even at the high 
scanning rate of 100 mV/s, indicating the good rate ability discussed above. In order to contrast and 
analyze, the GCD curves of rGO/Ag/FP and PANI/rGO/Ag/FP hybrids were plotted on the same 
graph with the current density of 2 A/g. As shown in Figure 5d, the GCD curve of rGO/Ag/FP 

Figure 4. TEM images of PANI/rGO/Ag/FP electrode. (a) TEM image of rGO; (b) TEM image of
PANI/rGO/Ag; (c) TEM image of PANI/rGO; (d) TEM image of rGO.

3.2. Electrochemical Performances

The electrochemical performances of the as-fabricated PANI/rGO/Ag/FP hybrids were studied
systematically by CV, GCD and EIS methods, respectively. For comparative analysis, the capacitive
properties of the rGO/Ag/FP composites were also investigated under the same testing conditions.
The CV curves of PANI/rGO/Ag/FP and rGO/Ag/FP hybrids at the same scanning rate of 50 mV/s are
shown in Figure 5a, respectively. By contrast, the CV curves of PANI/rGO/Ag/FP and rGO/Ag/FP
composites differed greatly. Apparently, the CV curve of rGO/Ag/FP displayed a near rectangle in
shape and no redox peaks of rGO/Ag/FP hybrid were observed, implying a typical double layer
capacitance. However, that of PANI/rGO/Ag/FP behaved a dramatic pseudocapacitance with a couple
of sensitive and reversible redox peaks, which were assigned to leucoemeraldine-EB (A1/C1) and
EB-pernigraniline (A2/C2) transformation of PANI [41]. Besides, the absolute area of the CV curve
of PANI/rGO/Ag/FP composite was significantly greater than that of rGO/Ag/FP, demonstrating a
higher specific capacitance of PANI/rGO/Ag/FP. The first reason for this can be put down to the high
pseudo-capacitance energy storage characteristic and good conductivity of PANI formed on the surface
of rGO/Ag/FP composite. The other reason was that the hybrid electrode of PANI/rGO/Ag/FP results
in a synergistic effect happened among PANI, rGO and Ag particles. Figure 5b,c display the CV curves
of rGO/Ag/FP and PANI/rGO/Ag/FP under different scanning rates of 5 mV/s, 10 mV/s 50 mV/s and
100 mV/s, respectively. It was obvious that few changes have been observed on the CV curves of
rGO/Ag/FP and PANI/rGO/Ag/FP hybrid with the scanning rates increasing, which suggested the
rate performance of PANI/rGO/Ag/FP was as good as the almost ideal supercapacitor of rGO/Ag/FP
composite. It was worth noting that the oxidation peaks of the PANI/rGO/Ag/FP hybrid shifted towards
a positive direction, but the reduction peaks moved negatively as the scanning speed increased. The
redox peaks were still clearly visible even at the high scanning rate of 100 mV/s, indicating the good
rate ability discussed above. In order to contrast and analyze, the GCD curves of rGO/Ag/FP and
PANI/rGO/Ag/FP hybrids were plotted on the same graph with the current density of 2 A/g. As shown
in Figure 5d, the GCD curve of rGO/Ag/FP displayed symmetrical triangular waves, demonstrating the
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excellent electrochemical reversibility. However, after preparation of PANI, the shape of the GCD curve
of the PANI/rGO/Ag/FP film deformed measurably compared to that of rGO/Ag/FP. It suggested the
pseudocapacitance characteristics of PANI were exerted adequately, resulting in the hybrid capacitance
of PANI/rGO/Ag/FP electrode. In addition, the charge and discharge time of PANI/rGO/Ag/FP
electrode was significantly reduced compared to the other PANI/rGO hybrid materials. In fact, the
uniform distribution of silver nanoparticles on the surface of rGO/FP played an important role in the
improvement of electrochemical properties. To further investigate the charge-discharge performances,
the results of the study on PANI/rGO/Ag/FP electrode at various current densities of 1 A/g, 2 A/g and
5 A/g are shown in Figure 5e, respectively. It was noticeable that as the current density increased, the
charge and discharge time of PANI/rGO/Ag/FP hybrid was greatly shortened. Thus, according to the
power density calculation formula above, it was concluded that the faster the current density was, the
higher power density obtained. Nyquist plots of the rGO/Ag/FP and PANI/rGO/Ag/FP electrodes from
EIS across a wide frequency range of 0.01 Hz to 100 kHz are shown in Figure 5f. Typically, the Nyquist
plot consisted of an approximate straight line at low frequencies and one arc curve in high frequencies,
representing the ion diffusion resistance and charge transport resistance (Rct), respectively. The greater
the slope angle of the straight line was, the smaller ion diffusion resistance obtained. Besides, the charge
transport resistance can be concluded from calculating the capacitance arc diameter. The horizontal
intercept on the Z’-axis in high frequencies was the equivalent series resistance (Rs) of the electrode,
which related to the intrinsic resistance of chemical activities of the electrode, contact resistance at the
interface between the electrode and electrolyte and the resistance of electrolyte in total. Apparently,
because of the larger surface area and better adsorption performance of rGO, the ion transport rate of
rGO/Ag/FP was a little faster than that of PANI/rGO/Ag/FP. However, the smaller diameter of the arc
curve in Figure 5f inset demonstrated the low charge transport resistance of PANI/rGO/Ag/FP due to
the good conductivity of PANI coated rGO doped by silver nanoparticles composite. Moreover, the
X-intercept of Nyquist plots suggested the equivalent series resistance of rGO/Ag/FP was a slightly
lower compared with that of PANI/rGO/Ag/FP, which was ascribed to the increase of the intrinsic
resistance of PANI/rGO/Ag/FP hybrid after the formation of PANI.

The long-term cycling tests of PANI/rGO/Ag/FP hybrid were conducted by CV at the scan rate of
50 mV/s for 5000 times. As displayed in Figure 6a, initially, the specific capacitance maintained a high
level with 97.06% retention over the first 2000 cycles. However, there was a slight reduction of the
specific capacitance when the cycling number approached 3600, which was attributed to the loss of
detached active materials falling from the electrode and then travelling to the electrolyte during the
charge-discharge process. The image of the sample after cycling tests was displayed in the Figure 6a
inset. Finally, the specific capacitance remained in a stable state with the low deterioration rate of
10.99%, indicating an excellent cycle stability of the PANI/rGO/Ag/FP composite. For flexibility, the
specific capacitance retention rates of the electrode were also calculated under different bending
degrees of (45◦, 90◦, 135◦, 180◦) and repeated bending times (1000), respectively. As shown in Figure 6b,
although the PANI/rGO/Ag/FP electrode experienced a maximum bending degree of 180◦ and the
highest number of bending times, the calculated retention rate remained as high as 90.1%.
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4. Conclusions

In summary, a facile silver doped graphene strategy combined with polyaniline was employed to
fabricate a lightweight and flexible filter paper based supercapacitor electrode with high electrochemical
performance. Due to the large specific surface area of the chemical activities and porous structure of the
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filter paper, the as-prepared PANI/rGO/Ag/FP hybrid obtained a high surface area and favorable access
for ions diffusion in the electrolyte, leading to an enhanced specific capacitance of 437.3 F/g, high energy
and power densities of 1133.5 W h/kg and 88.8 kW/kg, respectively. Moreover, the PANI/rGO/Ag/FP also
demonstrated an excellent cycling stability, which maintained 89.01% of the initial specific capacitance
value after 5000 cycles. The mechanical bending tests of the electrode indicated an outstanding
flexibility, which may suffer from excessive and repeated bending deformation. From the above results,
the excellent electrochemical performances of the hybrid PANI/rGO/Ag/FP electrode make it a potential
candidate for the flexible supercapacitor. Besides, the simple and reliable preparation process of this
electrode can be used extensively in the field of energy storage. In addition, the facile method and
porous structure of the as-prepared electrode presents the possibility for fabricating high-performance,
low cost and environmentally friendly biomass-derivative products with great application potential.

Author Contributions: The work of conceptualization and formal analysis were accomplished by S.J.; the work
of funding acquisition, investigation and methodology were accomplished by T.L.; A.D., H.L., C.X., C.T. and T.Z.
were responsible of supervision and validation.

Funding: This work was supported by the Natural Science Foundation of China (51802267, 51872231, 51872235,
51672221), the Key Industrial Chain Project of Shaanxi Province (2018ZDCXL-GY-08-08) and the fund of the China
Postdoctoral Science Foundation (2019M653853XB).

Conflicts of Interest: No conflicts of interest exist in the submission of this paper. The paper was approved by all
authors for publication. I would like to declare on behalf of my co-authors that the work described is original
research that has not been published previously, and not under consideration for publication elsewhere, in whole
or in part. All the authors listed have approved the paper that is enclosed.

References

1. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7, 845–854. [CrossRef]
2. Wang, Y.; Xu, S.; Liu, W.; Cheng, H.; Chen, S.; Liu, X.; Liu, J.; Tai, Q.; Hu, C. Facile Fabrication of Urchin-like

Polyaniline Microspheres for Electrochemical Energy Storage. Electrochim. Acta 2017, 254, 25–35. [CrossRef]
3. Xiong, C.; Li, B.; Lin, X.; Liu, H.; Xu, Y.; Mao, J.; Duan, C.; Li, T.; Ni, Y. The recent progress on three-dimensional

porous graphene-based hybrid structure for supercapacitor. Compos. Part B Eng. 2019, 165, 10–46. [CrossRef]
4. Wang, G.; Xing, W.; Zhuo, S. The production of polyaniline/graphene hybrids for use as a counter electrode

in dye-sensitized solar cells. Electrochim. Acta 2012, 66, 151–157. [CrossRef]
5. Liu, C.; Li, F.; Ma, L.P.; Cheng, H.M. Advanced materials for energy storage. Adv. Mater. 2010, 22, 28–62.

[CrossRef] [PubMed]
6. Merlet, C.; Rotenberg, B.; Madden, P.A.; Taberna, P.L.; Simon, P.; Gogotsi, Y.; Salanne, M. On the molecular

origin of supercapacitance in nanoporous carbon electrodes. Nat. Mater. 2012, 11, 306–310. [CrossRef]
[PubMed]

7. Inagaki, M.; Konno, H.; Tanaike, O. Carbon materials for electrochemical capacitors. J. Power Sources 2010,
195, 7880–7903. [CrossRef]

8. Chen, G.F.; Li, X.X.; Zhang, L.Y.; Li, N.; Ma, T.Y.; Liu, Z.Q. A Porous Perchlorate-Doped Polypyrrole
Nanocoating on Nickel Nanotube Arrays for Stable Wide-Potential-Window Supercapacitors. Adv. Mater.
2016, 28, 7680–7687. [CrossRef] [PubMed]

9. Girard, H.-L.; Wang, H.; d’Entremont, A.L.; Pilon, L. Enhancing Faradaic Charge Storage Contribution in
Hybrid Pseudocapacitors. Electrochim. Acta 2015, 182, 639–651. [CrossRef]

10. Guo, M.-X.; Bian, S.-W.; Shao, F.; Liu, S.; Peng, Y.-H. Hydrothermal synthesis and electrochemical performance
of MnO2/graphene/polyester composite electrode materials for flexible supercapacitors. Electrochim. Acta
2016, 209, 486–497. [CrossRef]

11. Xiong, C.; Li, T.; Zhao, T.; Dang, A.; Ji, X.; Li, H.; Etesami, M. Three-Dimensional Graphene/MnO2 Nanowalls
Hybrid for High-Efficiency Electrochemical Supercapacitors. Nano 2018, 13, 1850013. [CrossRef]

12. Yun, J.; Kim, D.; Lee, G.; Ha, J.S. All-solid-state flexible micro-supercapacitor arrays with patterned
graphene/MWNT electrodes. Carbon 2014, 79, 156–164. [CrossRef]

13. Liu, L.; Ye, D.; Yu, Y.; Liu, L.; Wu, Y. Carbon-based flexible micro-supercapacitor fabrication via mask-free
ambient micro-plasma-jet etching. Carbon 2017, 111, 121–127. [CrossRef]

http://dx.doi.org/10.1038/nmat2297
http://dx.doi.org/10.1016/j.electacta.2017.09.109
http://dx.doi.org/10.1016/j.compositesb.2018.11.085
http://dx.doi.org/10.1016/j.electacta.2012.01.088
http://dx.doi.org/10.1002/adma.200903328
http://www.ncbi.nlm.nih.gov/pubmed/20217798
http://dx.doi.org/10.1038/nmat3260
http://www.ncbi.nlm.nih.gov/pubmed/22388172
http://dx.doi.org/10.1016/j.jpowsour.2010.06.036
http://dx.doi.org/10.1002/adma.201601781
http://www.ncbi.nlm.nih.gov/pubmed/27374972
http://dx.doi.org/10.1016/j.electacta.2015.09.070
http://dx.doi.org/10.1016/j.electacta.2016.05.082
http://dx.doi.org/10.1142/S1793292018500133
http://dx.doi.org/10.1016/j.carbon.2014.07.055
http://dx.doi.org/10.1016/j.carbon.2016.09.037


Nanomaterials 2019, 9, 1434 11 of 12

14. Amir, F.Z.; Pham, V.H.; Mullinax, D.W.; Dickerson, J.H. Enhanced performance of HRGO-RuO2 solid state
flexible supercapacitors fabricated by electrophoretic deposition. Carbon 2016, 107, 338–343. [CrossRef]

15. Li, S.; Zhao, C.; Shu, K.; Wang, C.; Guo, Z.; Wallace, G.G.; Liu, H. Mechanically strong high performance
layered polypyrrole nano fibre/graphene film for flexible solid state supercapacitor. Carbon 2014, 79, 554–562.
[CrossRef]

16. Liu, X.; Qian, T.; Xu, N.; Zhou, J.; Guo, J.; Yan, C. Preparation of on chip, flexible supercapacitor with high
performance based on electrophoretic deposition of reduced graphene oxide/polypyrrole composites. Carbon
2015, 92, 348–353. [CrossRef]

17. Ge, D.; Yang, L.; Fan, L.; Zhang, C.; Xiao, X.; Gogotsi, Y.; Yang, S. Foldable supercapacitors from triple
networks of macroporous cellulose fibers, single-walled carbon nanotubes and polyaniline nanoribbons.
Nano Energy 2015, 11, 568–578. [CrossRef]

18. Zhang, L.; Zhu, P.; Zhou, F.; Zeng, W.; Su, H.; Li, G.; Gao, J.; Sun, R.; Wong, C.P. Flexible Asymmetrical
Solid-State Supercapacitors Based on Laboratory Filter Paper. ACS Nano 2016, 10, 1273–1282. [CrossRef]

19. Islam, N.; Wang, S.; Warzywoda, J.; Fan, Z. Fast supercapacitors based on vertically oriented MoS2 nanosheets
on plasma pyrolyzed cellulose filter paper. J. Power Sources 2018, 400, 277–283. [CrossRef]

20. Zhang, Y.Z.; Wang, Y.; Cheng, T.; Lai, W.Y.; Pang, H.; Huang, W. Flexible supercapacitors based on paper
substrates: A new paradigm for low-cost energy storage. Chem. Soc. Rev. 2015, 44, 5181–5199. [CrossRef]

21. Raccichini, R.; Varzi, A.; Passerini, S.; Scrosati, B. The role of graphene for electrochemical energy storage.
Nat. Mater. 2015, 14, 271–279.

22. Bonaccorso, F.; Colombo, L.; Yu, G.; Stoller, M.; Tozzini, V.; Ferrari, A.C.; Ruoff, R.S.; Pellegrini, V. 2D
materials. Graphene, related two-dimensional crystals, and hybrid systems for energy conversion and
storage. Science 2015, 347, 1246501. [CrossRef] [PubMed]

23. El-Kady, M.F.; Shao, Y.; Kaner, R.B. Graphene for batteries, supercapacitors and beyond. Nat. Rev. Mater.
2016, 1, 16033. [CrossRef]

24. Qin, Y.; Peng, Q.; Ding, Y.; Lin, Z.; Wang, C.; Li, Y.; Xu, F.; Li, J.; Yuan, Y.; He, X.; et al. Lightweight Superelastic,
and Mechanically Flexible Graphene/Polyimide Nanocomposite Foam for Strain Sensor Application. ACS
Nano 2015, 9, 8933–8941. [CrossRef] [PubMed]

25. Eftekhari, A.; Li, L.; Yang, Y. Polyaniline supercapacitors. J. Power Sources 2017, 347, 86–107. [CrossRef]
26. Baker, C.O.; Huang, X.; Nelson, W.; Kaner, R.B. Polyaniline nanofibers: Broadening applications for

conducting polymers. Chem. Soc. Rev. 2017, 46, 1510–1525. [CrossRef]
27. Hu, N.; Zhang, L.; Yang, C.; Zhao, J.; Yang, Z.; Wei, H.; Liao, H.; Feng, Z.; Fisher, A.; Zhang, Y.; et al.

Three-dimensional skeleton networks of graphene wrapped polyaniline nanofibers: An excellent structure
for high-performance flexible solid-state supercapacitors. Sci. Rep. 2016, 6, 19777. [CrossRef] [PubMed]

28. Yu, P.; Zhao, X.; Li, Y.; Zhang, Q. Controllable growth of polyaniline nanowire arrays on hierarchical
macro/mesoporous graphene foams for high-performance flexible supercapacitors. Appl. Surf. Sci. 2017, 393,
37–45. [CrossRef]

29. Huang, Y.-L.; Baji, A.; Tien, H.-W.; Yang, Y.-K.; Yang, S.-Y.; Wu, S.-Y.; Ma, C.-C.M.; Liu, H.-Y.; Mai, Y.-W.;
Wang, N.-H. Self-assembly of silver–graphene hybrid on electrospun polyurethane nanofibers as flexible
transparent conductive thin films. Carbon 2012, 50, 3473–3481. [CrossRef]

30. Cong, H.-P.; Ren, X.-C.; Wang, P.; Yu, S.-H. Flexible graphene–polyaniline composite paper for
high-performance supercapacitor. Energy Environ. Sci. 2013, 6, 1185. [CrossRef]

31. Zhi, J.; Zhao, W.; Liu, X.; Chen, A.; Liu, Z.; Huang, F. Highly Conductive Ordered Mesoporous Carbon Based
Electrodes Decorated by 3D Graphene and 1D Silver Nanowire for Flexible Supercapacitor. Adv. Funct.
Mater. 2014, 24, 2013–2019. [CrossRef]

32. Thakur, S.; Karak, N. Alternative methods and nature-based reagents for the reduction of graphene oxide: A
review. Carbon 2015, 94, 224–242. [CrossRef]

33. Faucett, A.C.; Mativetsky, J.M. Nanoscale reduction of graphene oxide under ambient conditions. Carbon
2015, 95, 1069–1075. [CrossRef]

34. Kumar, P.V.; Bardhan, N.M.; Chen, G.-Y.; Li, Z.; Belcher, A.M.; Grossman, J.C. New insights into the thermal
reduction of graphene oxide: Impact of oxygen clustering. Carbon 2016, 100, 90–98. [CrossRef]

35. Xiong, C.; Li, T.; Dang, A.; Zhao, T.; Li, H.; Lv, H. Two-step approach of fabrication of three-dimensional
MnO2-graphene-carbon nanotube hybrid as a binder-free supercapacitor electrode. J. Power Sources 2016,
306, 602–610. [CrossRef]

http://dx.doi.org/10.1016/j.carbon.2016.06.013
http://dx.doi.org/10.1016/j.carbon.2014.08.014
http://dx.doi.org/10.1016/j.carbon.2015.05.039
http://dx.doi.org/10.1016/j.nanoen.2014.11.023
http://dx.doi.org/10.1021/acsnano.5b06648
http://dx.doi.org/10.1016/j.jpowsour.2018.08.049
http://dx.doi.org/10.1039/C5CS00174A
http://dx.doi.org/10.1126/science.1246501
http://www.ncbi.nlm.nih.gov/pubmed/25554791
http://dx.doi.org/10.1038/natrevmats.2016.33
http://dx.doi.org/10.1021/acsnano.5b02781
http://www.ncbi.nlm.nih.gov/pubmed/26301319
http://dx.doi.org/10.1016/j.jpowsour.2017.02.054
http://dx.doi.org/10.1039/C6CS00555A
http://dx.doi.org/10.1038/srep19777
http://www.ncbi.nlm.nih.gov/pubmed/26795067
http://dx.doi.org/10.1016/j.apsusc.2016.09.119
http://dx.doi.org/10.1016/j.carbon.2012.03.013
http://dx.doi.org/10.1039/c2ee24203f
http://dx.doi.org/10.1002/adfm.201303082
http://dx.doi.org/10.1016/j.carbon.2015.06.030
http://dx.doi.org/10.1016/j.carbon.2015.09.025
http://dx.doi.org/10.1016/j.carbon.2015.12.087
http://dx.doi.org/10.1016/j.jpowsour.2015.12.056


Nanomaterials 2019, 9, 1434 12 of 12

36. Chang, T.-W.; Lin, L.-Y.; Peng, P.-W.; Zhang, Y.X.; Huang, Y.-Y. Enhanced electrocapacitive performance for
the supercapacitor with tube-like polyaniline and graphene oxide composites. Electrochim. Acta 2018, 259,
348–354. [CrossRef]

37. Viswanathan, A.; Shetty, A.N. Facile in-situ single step chemical synthesis of reduced graphene oxide-copper
oxide-polyaniline nanocomposite and its electrochemical performance for supercapacitor application.
Electrochim. Acta 2017, 257, 483–493. [CrossRef]

38. Fan, Z.; Wang, K.; Wei, T.; Yan, J.; Song, L.; Shao, B. An environmentally friendly and efficient route for the
reduction of graphene oxide by aluminum powder. Carbon 2010, 48, 1686–1689. [CrossRef]

39. Wan, Y.-J.; Zhu, P.-L.; Yu, S.-H.; Sun, R.; Wong, C.-P.; Liao, W.-H. Graphene paper for exceptional EMI
shielding performance using large-sized graphene oxide sheets and doping strategy. Carbon 2017, 122, 74–81.
[CrossRef]

40. Liu, L.; Niu, Z.; Zhang, L.; Zhou, W.; Chen, X.; Xie, S. Nanostructured graphene composite papers for highly
flexible and foldable supercapacitors. Adv. Mater. 2014, 26, 4855–4862. [CrossRef]

41. Wang, X.; Deng, J.; Duan, X.; Liu, D.; Guo, J.; Liu, P. Crosslinked polyaniline nanorods with improved
electrochemical performance as electrode material for supercapacitors. J. Mater. Chem. A 2014, 2, 12323–12329.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.electacta.2017.10.195
http://dx.doi.org/10.1016/j.electacta.2017.10.099
http://dx.doi.org/10.1016/j.carbon.2009.12.063
http://dx.doi.org/10.1016/j.carbon.2017.06.042
http://dx.doi.org/10.1002/adma.201401513
http://dx.doi.org/10.1039/C4TA02231A
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Graphene Oxide 
	Preparation of Flexible GO/AgNO3/FP Composite Film 
	Preparation of Flexible rGO/Ag/FP Composite Film 
	Preparation of Flexible PANI/rGO/Ag/FP Composite Film 
	Characterization 

	Results and Discussion 
	Structure and Morphology 
	Electrochemical Performances 

	Conclusions 
	References

