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A flexible cellulose nanofibers(CNF)/Graphenenanosheet (GNS)/polyaniline (PANI) composite film
was deposited and prepared via vacuum filtration, and then the effect of GNS on the electrochemical
properties of the film was studied. Morphology of the CNF/GNS/PANI film was characterized with
Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy (Raman), and field emission
scanning electron microscopy (FE-SEM). Moreover, with the increase of GNS content, the
electrochemical properties were more evident in the first place but less evident after the GNS content
reached 6 wt %. The minimum charge transfer resistance of the composite film was 1.16 Q. The
specific capacitance reached 342.87 F/g at a current density of 1 A/g. At 5 Alg, 78.92% of the
capacitance was maintained after 1000 charge-discharge cycles.
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1. INTRODUCTION

With the rapid growing demand for portable and wearable electronic devices, the development
of flexible, low-cost, high performance and environmentally friendly is essential. Supercapacitors, as a
novel energy-storage device with a short charging duration, long life, and high power density, are the
hotspot on the resent researches[1,2]. In addition, most of researches on supercapacitors have been
focus on carbon nanomaterials and conductive polymers. Graphene is a carbon material with large
specific surface area, excellent electrical and thermal performance, and high mechanical
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strengthwhichcan function as the electrode material in batteries[3], solar cells[4], and
supercapacitors[5-7]. Conducting polymers, such as PANI(which can be easily synthesized with low-
cost monomers), are considerd the most promising material because of their high pseudo-capacitance,
environmental stability, and other advantages[8, 9]. Moreover, graphene has been utilized as the
framework and conductive circuit in PANI electrode materials, thereby enhancing the stability and
conductivity[10-15]. Among most of these reports, graphene/PANI powder was adhered to the
electrode of current collector by using an adhesive (such as polytetrafluoroethylene or polyvinylidene
fluoride). The doping of adhesives has a negative impact on the composition and electrical
conductivity of the electrode.

CNF is a green and renewable nano-material with high strength, small density, biocompatibility
and other characteristics. It has been widely used in paper-reinforcing agent, photoelectric composite
materials, fuel cells, biomaterials and medical materials[16-19]. Moreover, it can strong bind with
carbon nanofillers or conductive polymers and introduces the excellent properties of CNF to the
composite [20-22]. Currently, composites between CNF and graphene, conductive polymers, and
CNT, for the preparation of the electrode material of flexible supercapacitors, have been reported[18,
23-25]. Herein, we prepared the CNF/graphene/PANI composite film which free from binder for the
electrode material in supercapacitors. In the composite, CNF, PANI, and GNS were the substrate,
conductive medium, and reinforcement material, respectively. The effect of GNS on the
electrochemical performance of the film was further investigated.

2. EXPERIMENTAL SECTION

2.1 Materials

GNS (0.2-1 um in diameter; 20 nm in thickness) was purchased from Maoxing Technical
Development Co., Ltd., Shanghai City. Sisal pulp was home-made. Sodium chloroacetate was obtained
from Huihong Composite Materials Co., Ltd., Suzhou City. Ethanol (EtOH), ammonium persulfate
(APS), aniline, sodium hydroxide (NaOH), hydrochloric acid (HCI), and sulfuric acid (H2SO4) were
obtained from Xilong Chemical Co., Ltd., Shantou City.

2.2 Preparation of CNF/GNS/PANI composite film

According to the literature[26], PANI was prepared as follows: 7.5 mL of aniline was the added
to 250 mL of hydrochloric acid (1 mol/L, aq). 4.5 g of APS was added to another equivalent HCI
solution. Both solutions were mixed and stirred for 1 min. 5 h later, the product was rinsed with EtOH
and deionized water 5 times, and diluted with deionized water to obtain a PANI solution.

CNF was prepared with the sisal pulp via grafting method with sodium chloroacetate[27] as
follows: 1.5 g of NaOH was dissolved in 85 wt % EtOH (aq). 6 g of bleached sisal pulp was added. At
75 °C, 1.847 g of sodium chloroacetate was added. The oxidation reaction exceeded for 3 h with
stirring. The raw product was rinsed with deionized water 5 times and filtered. Then, the product was
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diluted with deionized water to obtain a 0.45 wt % CNF solution with stirring for 10 min at 10000 rpm,
with a JK-818IIstirrer.

The CNF/GNS/PANI composite film was prepared via the filtration—deposition method (Fig.1).
257 mg of the GNS powder and 227.65 g of the CNF solution were dispersed in deionized water with
ultrasound for 30 min, with a 500 W KW-500DB ultrasonic device. 130.096 g of the PANI solution
(2.977 wt %) was added to the mixture. After stirred at 10000 rpm for 10 min, an CNF/GNS/PANI
dispersion was obtained. The dispersion was filtrated at vacuum and a flexible CNF/GNS/PANI
composite film was deposited (Fig.2).

GNS solution CNF/GNS solution
Intense agitation l

“ 6N /\/DCNF v~ PAM

Vacuum filtration

a= S

CNF/GNS/PANI dispersion

Figure 1. Schematic synthesis process of the CNF/GNS/PANI composite film.

Figure 2. Photographs of the flexible CNF/GNS/PANI composite film.

2.3 Characterizations

Functional groups were analyzed with Fourier transform infrared spectroscopy (FT-IR) by
using a NICOLETNEXU 470 infrared spectrometer (Perkin-Elmer Co., Ltd., USA) with a resolution
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of 4 cm™ and Raman spectroscopy (Raman) with a 532 nm He-Ne ray (Thermo Fisher Scientific DXR;
Thermo Electron Corporation, USA). A JSM6380-LV field emission scanning electron microscope
(FE-SEM; JEOL Co., Ltd., Japan) was used to observe the morphology of product at an accelerating
voltage of 3 kV.

2.4 Electrochemical test of the CNF/GNS/PANI composite film

The electrochemical properties were tested with the three-electrode system in a CHIG90I
electrochemical workstation (Chen Hua Co., Ltd., Shanghai City), with 1 M sulfuric acid (aq) as the
electrolyte. The three-electrode system was composed of a Pt electrode (counter electrode), Ag/AgCI
electrode (reference electrode), and the composite material (working electrode). The working electrode
was manufactured with the composite film (1 cm x 1 cm) on a stainless steel substrate (1 cm x 4 cm)
through tabletting at 10 MPa for 20 s.

The electrochemical properties were also tested with cyclic voltammetry (CV) at a scan rate of
10 to 200 mv/s. Galvanostatic charge/discharge test (GCD) was performed in the voltage range of 0 to
0.8 V and current-density range of 1 to 5 A/g. Electrochemical impedance spectroscopy (EIS) was
performed in the frequency range of 0.01 to 100 kHz, with an amplitude of 0.005 V.

3. RESULTS AND DISCUSSION
3.1 Morphology and structure of the CNF/GNS/PANI composite film

3.1.1 SEM characterization

Figure 3. SEM images of (a) the CNF/GNS film, (b) pure PANI powder, and (c-d) the CNF/GNS (6
wt %)/PANI film.
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FE-SEM of the film, prepared with the CNF/GNS solution, is shown in Fig.3a. CNF was
uniformly distributed on the surface of GNS, with a diameter of 50 to 100 nm. GNS was effectively
peeled and uniformly dispersed. In contrast, pure nano-PANI-wire was shown in Fig.3b, and long-
chained PANI, with a diameter of 50 to 100 nm, was assembled.

As illustrated in Fig.3c and d, after the CNF/GNS solution was mixed with the PANI solution
with vigorous stirring, PANI and CNF were entangled and uniformly dispersed on the surface and
surroundings of GNS, resulting in a strong interaction between GNS, CNF, and PANI. In addition, the
vigorous stirring, together with the interaction, prohibited the agglomeration of PANI.

3.1.2 FT-IR spectroscopy

FT-IR spectra of CNF, GNS, PANI, CNF/PANI, and CNF/GNS/PANI composite films are
depicted in Fig.4. The CNF curve at 898, 1061, 1374, 1424, 2903, and 3345 cm™, the deformation-
vibration peak of C1-H, skeletal vibration peak of the C—O-C pyranose ring, deformation vibration
peak of —OH, deformation vibration peak of —CH2, stretching vibration peak of C—H, characteristic
band of hydroxyl were observed respectively[27].

As illustrated in the GNS curve, at 1635, 1400, and 1176 cm™, the vibration peak of a benzene
ring, bending-vibration peak of —OH, and stretching-vibration peak of secondary alcohols were
observed respectively, indicating that, after the physical peeling, the GNS was still partially coated
with residual hydroxyls, which functioned as the channels for the migration of ions to the inside. The
residual hydroxyls contributed to the wetness of electrode materials[28].
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Figure 4. FT-IR spectra of CNF, GNS, PANI, CNF/PANI, and CNF/GNS/PANI films.

In the CNF/PANI curve, the peaks at 1592, 1498, 1304, and 1145 cm™ correspond to quinone
ring, stretching-vibration of N=C=N, stretching-vibration of C-N, and bending of C—H in the quinone
ring, respectively, in accordance with the functional groups in PANI. In the CNF/GNS/PANI curve,
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the afore-mentioned peaks in the CNF/PANI curve at 1592, 1498, and 1304 cm™ were shifted to 1588,
1495, and 1303 cm™, respectively. And, the intensity of these peaks was significantly decreased,
indicating strong hydrogen-bonding and n-w interactions between GNS, PANI and CNF.

3.1.3 Raman spectroscopy

Raman results of CNF, GNS, PANI, CNF/PANI, and CNF/GNS/PANI are illustrated in Fig.5.
In the CNF curve, the peaks at 1080, 1386, and 2900 cm™ are attributed to the asymmetrical-stretching
of glycoside link, deformation-vibration of —CH,, and stretching-vibration of —CH,, respectively. This
Is consistent with the Raman spectrum of CNF in the literature[29].

In the GNS curve, the peaks at 1349 and 1580 cm™ are the so-called D and G peaks,
respectively. The ratio between the intensity of D peak and intensity of G peak (Ip/Ic=0.61) indicates
that the content of defects in the GNS was low. In addition, the peak at 2700 cm™ corresponds to the
2D peak of GNS[30]. In the CNF/PANI curve, the peaks at 1483, 1412 and 1161 cm™ correspond to
the stretching-vibration of C=N in the quinone ring, vibration of C—N in the benzene and quinone
rings, and vibration of C—H in the quinone ring, respectively. These results agree with the
characteristic peaks of PANI[12, 14]. In the presence of GNS, the peaks of CNF/GNS/PANI composite
were shifted (red-shift) from 1349, 1580, 2700 cm™ to 1345, 1577, and 2698 cm™, respectively. And,
the intensity was significantly increased, indicating that CNF, GNS and PANI were strongly
interacted, consistent with the SEM and FT-IR results.
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Figure 5. Raman spectra of CNF, GNS, PANI, CNF/PANI, and CNF/GNS/PANI films.

3.2 Effect of GNS content on the electrochemical performance of the CNF/GNS/PANI film

The electrochemical properties were characterized with CV, GCD, EIS, and cycling stability
test.
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3.2.1 CV curve
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Figure 6. CV profiles of (a) CNF/GNS/PANI composite films at 10 mV/s and (b) CV profiles of
CNF/GNS (6 wt %)/PANI composite film at different scan rates.

In Fig.6a, two pairs of redox peaks (Ai/C; and A,/C,) were observed in the CNF/GNS/PANI
composite, wherein A;/C; was ascribed to the redox transition between the conductor state and
semiconductor state of PANI. A,/C, was assigned to the benzoquinone and aminoquinone pairs[30],
indicating that the composite film was a typical pseudo-capacitor.lt is also clear observed that the
current density and surround by CV curves of CNF/GNS/PANI composite is larger than that of
CNF/PANI, which indicate that the synergistic effect between GNS and PANI could improve the
electrochemical properties. Moreover, the loops of CNF/GNS( 6wt% )/PANI composite film are larger
than that of CNF/PANI composite film and any GNS ratios of CNF/PANI/GNS composite film. It
means that the well dispersion of GNS and PANI could form a conductive network which can ensures
the maximum utilization of PANI[14], and exhibits higher capacitance.

Fig.6b shows the CV curves of CNF/GNS(6 wt %)/PANI composite film at different scan
rates.it can be seen that the reduction peaks(C1/C2) shift negatively and the oxidation peaks(A1/A2)
shift positively with an increase scan rates from 10-200mV/s, which due to the resistance of electrode
increase at a high scan rate[11]. In addition, the CV curves of CNF/GNS (6 wt %)/PANI composite
film tended to be more stable and symmetrical at a higher scan rate, and the current density, resulting
from the redox, increased dramatically, indicating that this film had good rate capability.

3.2.2 GCD curve

Further, the effect of GNS on the electrochemical performance of the CNF/GNS/PANI film
was characterized with GCD at a current density of 1 A/g. As shown in Fig.7a, the GCD curves were
isosceles-triangle-shaped, indicating a great capacitive behavior[30].

The specific capacitance versus GNS content was illustrated in Fig.7b, which was calculated
based on the data in Fig.7a, according to the equation Cs=I/(m(AV/At)),where | in amperes, m in
grams, AV in volts and At in second represent the test current, the mass of the electrode material, the
voltage range and the discharge time, respectively[31]. It can be obviously observed that the specific
capacitances of CNF/GNS/PANI composite film are much higher than that of CNF/PANI composite
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film, revealing the introduction of GNS could greatly improve the electrochemical performance of
CNF/PANI composite film due to the synergistic effect of GNS and PANI[12]. Moreover, the
CNF/GNS(6 wt% )/PANI composite film show the highest specific capacitance(342.87F/g) which are
about 1.68 times higher than CNF/PANI composite film(203.63F/g) and superior to those of
CNF/MWCNTs/PANI composite film (207.2F/g) fabricated by in situ chemical polymerization, 3D
hollow ball of graphene and PANI hybrid (331F/g at 1A/g) fabricated by self-assembly and
PANI/nylon naonofiber reinforced cellulose acetate composite film (402F/g at 0.3A/g) fabricated by in
situ polymerization[32-34]. It can be explained by two main reason. Firstly, the best dispersion of
GNS lead to the strong interaction between GNS and PANI, and greatly enhance the double-layer
capacitance of CNF/GNS(6 wt% )/PANI composite film. Secondly, the hollow among GNS can
contain the electrolyte and provide a shorter charge-transfer path, thus facilitate the electron
transfer[14,30]. The GCD results of CNF/GNS (6 wt %)/PANI film at different current densities (1-5
AJ/g) are shown in Fig.7c. These curves were still isosceles-triangle-shaped. It is demonstrated that in
the wide range the film was stable and sustainable.
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Figure 7. GCD profiles of (a) CNF/GNS/PANI composite films at 1 A/g, (b) specific capacitances of
these films versus GNS content (wt %) at 1 A/g, and (c) GCD profiles of CNF/GNS (6 wt
%)/PANI film at different current densities

3.2.3 EIS curve

The electrochemical impedance in Fig.8 can predict the specific capacitance and charge-
transfer performance of the film. With the Zview2.0 software, the semicircular portion of the EIS
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curve was fitted. the diameter of semicircle in the Nyquist plots represented the charge transfer
resistance (Rct) which determine the factors limiting the performance of an electrode, charge-transfer
properties[24]. It can be easily observed that the Rct value of CNF/GNS(6 wt% )/PANI(1.16 Q) was
smaller than the CNF/PANI composite film and any GNS ratio of CNF/GNS/PANI composite film,
indicate that the CNF/GNS( 6 wt% )/PANI composite film has fast diffusion of ions and well
permeation of electrolyte, which may attributed to the gaps between GNS sheet and the strong
interaction between GNS and PANI. Moreover, The CNF/GNS( 6 wt% )/PANI composite film shows
a nearly vertical line on Nyquist plots that means it exist a pseudocapacitive and EDLC behavior[6].
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Figure 8. EIS profiles of CNF/GNS/PANI composite films

3.2.4 Cycling stability curve
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Figure 9. Cycling stability of CNF/GNS/PANI films with different GNS contents (wt %) at 5 A/g.
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The influence of GNS content on the cycling performance of the CNF/GNS/PANI film is
shown in Fig.9.The CNF/GNS(6 wt% )/PANI composite film exhibits a stable cycling life and keeps
78.92% of the initial capacitance after 1000 cycles at a current density of 5A/g. while the CNF/PANI
composite film almost 49.49% being lost after 1000 charge-discharge cycles, which attributed to the
shrinking and swelling of PANI during the charge-discharge progress[35]. The excellent cycling
stability of CNF/GNS(6 wt %)/PANI composite film is mainly due to the GNS was regularly oriented
under vacuum filtration, which can effectively restricting the shrinking and swelling of PANI during
cycling process. Besides, the hole between GNS can absorb the electrolyte and shorter the transfer
length of electron[36], thus the rate performance improved.

Furthermore, the cross-section SEM images of CNF/GNS/PANI films with different GNS
contents are illustrated in Fig.10a—c. As shown in Fig.10a, PANI was stacked in thick layers, which
was caused by the vacuum filtration, thus reducing the space and channels for the free migration of
ions [37].

In Fig.10b, GNS in the film (6 wt % GNS) was regularly oriented. The voids between the
oriented GNS sheets were favorable to the absorption of the electrolyte and provided channels for the
diffusion of ions. Therefore, the migration time of the ions would be shortened because the transfer
resistance was reduced. In Fig.10c, an excess of GNS would be stacked, which reduced the number of
channels and hence caused the declined electrochemical performance.

Figure 10. Cross-sections of (a) CNF/PANI film, (b) CNF/GNS (6 wt %)/PANI film, and (c)
CNF/GNS (15 wt %)/PANI film.

4. CONCLUSION

Flexible CNF/GNS/PANI composite films were prepared via vacuum filtration. The presence
of GNS improved the electrochemical properties of CNF/PANI film. At the GNS content of 6 wt %,
GNS inside the CNF/GNS (6 wt %)/PANI film was oriented to form voids between the GNS sheets.
The voids were favorable to the migration of ions and the electrochemical properties. At the current
density of 1 A/g, the specific capacitance of the CNF/GNS (6 wt %)/PANI film reached a maximum of
342.87 F/g. Simultaneously, the electron transfer resistance was as low as 1.16 Q. 78.92% of the
specific capacitance was maintained after 1000 cycles at a current density of 5 A/g. This flexible, low-
cost composite film may be considered as a potential material for flexible supercapacitors.
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