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Preparation and Properties of Cellulose Nanofibril-
graphene Nanosheets/Polyaniline Composite
Conductive Aerogels
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Polyaniline (PANI) is a conductive polymer that allows cellulose aerogels
to achieve high electrical conductivity. However, aerogels containing PANI
alone display a low mechanical stability. Graphene nanosheets (GNS)
display high conductivity and mechanical strength but are prone to
agglomeration, hindering their electroactive sites. To avoid shortcomings
of the individual components, a composite aerogel was prepared via
addition of graphene nanosheets (GNS) and PANI to a suspension of
cellulose nanofibril (CNF). Transmission electron microscopy and
scanning electron microscopy were used to analyze the structural
morphology of the CNF/GNS/PANI aerogel. The electrochemical
properties were analyzed using a four-probe conductivity meter, cyclic
voltammetry, galvanostatic charge-discharge tests, and electrochemical
impedance spectroscopy. A 2:2:1 ratio of CNF/GNS/PANI provided
optimal structural and electrochemical results. Incorporation of PANI
through in-situ polymerization for 6 h resulted in uniform mixing of the three
components. The CNF/GNS/PANI composite aerogel displayed a high
electrical conductivity with a specific capacitance of 375 Fg* at a current
density of 0.2 Ag™. As a base binder and dispersant, CNF made use of
PANI as a conductive medium and of GNS as a conductive reinforcing
medium to form a flexible nanocellulose composite conductive material
with increased stability and improved performance.
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INTRODUCTION

Cellulose aerogels are a type of environmentally friendly material. They combine
the advantages of cellulose regeneration, degradability, thermal properties, and chemical
stability with the low density, high porosity, and toughness of aerogels (Fischer et al. 2006;
Hoepfner et al. 2008). With the increased understanding of cellulose aerogels through
research and the intensification of the global energy crisis, research on the use of cellulose
aerogels has gradually increased. In recent years, cellulose aerogel-based materials with a
highly permeable nanoporous three-dimensional network structure have shown significant
functionality in the fields of photoelectric sensors and biomedicine (De France et al. 2017).

There are two main ways for the cellulose aerogels to achieve electrical
conductivity: one uses carbonization (thermal cracking) treatment, which results in the
formation of cellulose carbon aerogels, and the other uses composite conductive materials
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such as graphene and conductive polymers (Wan et al. 2018, 2014). Metal oxides,
conductive polymers, and carbon-containing materials have become the electrode materials
commonly produced for biomedical applications (Wu et al. 2014; Yang et al. 2014).
However, each electrode material has unique advantages and disadvantages in
supercapacitor applications. Some provide a longer life cycle while at the same time having
a relatively low specific capacitance (Frackowiak 2007). In contrast, conductive polymer
materials with higher specific capacitance due to redox properties have a relatively short
life cycle and low mechanical stability (Hu et al. 2006; Zhang et al. 2011). Metal oxides
often have limited applicability due to their high resistance, high cost, and toxicity (Wan
2008).

In recent years, conductive polymers have received particular attention in the field
of composites because of their reversible doping/dedoping properties, highly conjugated
polymer chains, and controlled conduction mechanisms (Fan et al. 2007; Bhadra et al.
2009). These unique properties play an important role in technical aspects of materials
science. Among various conductive polymers, polyaniline (PANI) is one of the most
studied because it is easy to synthesize, provides a stable environment, provides good
conductivity, and can achieve unconventional rapid transition of conduction/insulation
during doping/de-doping (Wang et al. 2009a). However, it undergoes expansion and
contraction during doping/de-doping, which limits its cycle life, resulting in mechanical
shedding of the electrode, a decline of electrochemical properties, and limitations in
practical applications (Xu et al. 2012).

In contrast, research has found that graphene is an excellent candidate electrode
material. Graphene is a two-dimensional nanomaterial composed of a carbon atoms
consisting of overlapping sp2 hybrid orbital forming a hexagonal honeycomb lattice. It has
extremely high thermal conductivity, a high specific surface area, high mechanical
strength, and excellent electrical and optical properties (Novoselov et al. 2004). However,
graphene nanosheets (GNS) are prone to agglomeration, hindering their electroactive sites.
Therefore, pure graphene electrodes do not exhibit the desired capacitance (Wan et al.
2016).

To avoid the shortcomings of each single material in displaying both a good
mechanical stability as well as excellent electrochemical properties, researchers are moving
towards high-performance composite materials (Lee et al. 2008). A combination of PANI
and graphene has been used to form a novel composite material by several conventional
methods, such as in-situ polymerization or physical-mechanical mixing, which have been
extensively studied to prepare high-performance materials (Esfandiar et al. 2011). Zhang
et al. prepared a graphene/PANI nanofiber composite as an electrode with an
electrochemical capacitance of 480 Fg™ (Zhang et al. 2010). Xu et al. (2010) prepared
PANI/graphene oxide (GO) nanosheets as electrodes. Electrochemical studies have shown
that PANI and GO have synergistic effects on the stability compared with single
components, with nanocomposites reaching an electrochemical capacitance of 555 Fg=.
Zheng et al. (2015) used cellulose nanofibril/reduced graphene oxide/carbon nanotube
hybrid aerogels as electrodes, and the resulting flexible supercapacitors exhibited high
specific capacitance (i.e., during discharge 252 F g at current density 0.5 Ag™) and
significant cycle stability (that is, after 1000 charge-discharge cycles at a current density
of 1 Ag?, more than 99.5% of the capacitance). Wang et al. (2009b) prepared a flexible
graphene/PANI composite by in-situ electro polymerization on graphene paper. The results
showed a tensile strength of 12.6 MPa coupled with an electrochemical capacitance of 233
Fg*. Therefore, its performance is better than many other flexible carbon-based electrodes
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currently available. Mao et al. (2011) prepared composite materials by in-situ
polymerization of aniline under acidic conditions. Surfactants were added during the
experiment to ensure the dispersion of the graphene in the aqueous phase, and the
morphology and electrochemical properties of the two components were well maintained.
The composite material obtained a high specific capacitance of 526 Fg at a current density
of 0.2 Ag™!, with good mechanical stability.

In this study, the authors first prepared nanofibrillated cellulose (or cellulose
nanofibril, CNF, according to the ISO classification) and then added a mixture of
surfactants and GNS to reduce agglomeration. The uniform dispersion of CNF can help to
maintain the separation of adjacent GNS. the optimal ratio of CNF and GNS was first
explored, and then the ability of two methods was compared (physical mixing and in situ
polymerization of PANI) to obtain a layered porous network of mixed aerogel. A layered
porous frame provides a large specific surface area and a rich pore structure, creating
excellent ion accessibility and transportation potential, leading to a higher power
performance (Fernandez-Merino et al. 2010). The results show that the in-situ
polymerization method allows a more uniform mixing of the three components.
Electrochemical performance studies indicate that a CNF:GNS:PANI (2:2:1) composite
aerogel has high specific capacitance and structural stability, which results in great
advantages in the field of electrode materials for future energy storage systems.

EXPERIMENTAL

Materials

Bleached hardwood dissolving pulp (Asia Symbol Pulp and Paper Co. Ltd, Rizhao,
China), the graphene nanosheets (Tokyo chemical industry Co. Ltd, Tokyo, Japan),
hydrochloric acid (HCI, 37%) (Binhua Group Co. Ltd, Binzhou, China), aniline (An),
ammonium persulfate (APS), sodium dodecyl sulfate (SDS) (Shanghai Macklin
Biochemical Co. Ltd, Shanghai, China), and 2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO) (Tokyo chemical industry Co. Ltd, Tokyo, Japan) were used in this work. All
chemicals were analytical grade and deionized water was used throughout.

Preparation and dispersion of CNF

The raw fiber material was subjected to a dehydration and beating pretreatment,
and then the product was placed in a NaxCO3/NaHCOs buffer solution, followed by
oxidization in a TEMPO/NaClO/NaBr system. The oxidized cellulose was dialyzed until
the pH was neutral. Finally, CNF was obtained by high-pressure homogenization (Saito et
al. 2007; Besbes et al. 2011).

Preparation of CNF/GNS aerogels

A reaction mixture was prepared containing solid graphene and CNF at various
mass ratios (20%, 30%, 40%, 50%, and 60% graphene). The suspension was stirred with a
magnetic stirrer for 2 h, and then ultrasonicated for 1 h using an ultrasonic wave cell
breaker at 600 W. Next, the mixture was frozen in liquid nitrogen, and finally freeze-dried
to obtain a CNF/GNS composite aerogel. The composite electrode sheet was obtained by
tableting the aerogel under a pressure of 0.1 MPa.
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Preparation of CNF/GNS/PANI Aerogels
Physical mechanical mixing method

The CNF was prepared as a suspension with a concentration of 1% (w/v). The GNS
and SDS were placed into a suspension that was uniformly mixed by ultrasonication for 2
h. The two suspensions were mixed, stirred with a magnetic stirrer for 2 h, and then PANI
was gradually added to the suspension in small portions so that the final mass ratio in the
mixed system was CNF:PANI:GNS = 2:1:2. The composite electrode sheet was obtained
after freezing in liquid nitrogen, freeze drying for 48 h, and tableting under a pressure of
0.1 MPa.

In situ polymerization method

As illustrated in Fig. 1, according to the above method, CNF and GNS were mixed
and dispersed at a mass ratio of 1:1, uniformly mixed by stirring on a magnetic stirrer for
2 h. Next, 10 mL of HCI and 25 mg of aniline were added to the mixture, and then magnetic
stirring was continued for 1 h. Subsequently, 60 mg of ammonium persulfate was added to
50 mL of 0.5 mol/L HCI solution, and then it was gradually added dropwise to the above
mixture. The polymerization was allowed to proceed at 0 °C for 2 h, 3 h, 4 h,6 h,or 8 h
after which the mixture was filtered under vacuum, washed, pre-frozen with liquid
nitrogen, and then dried in a freeze-dried dryer for 48 h and pressed at a pressure of 0.1
MPa to obtain a composite electrode sheet.

Cellulose nanofiber ~ Graphene nanosheets ~ Aniline

Fig. 1. Preparation of CNF/GNS/PANI composite aerogels by the in situ polymerization method

Methods
Characterization of CNF/GNS/PANI composite aerogels

The structure and morphology of the of CNF/GNS/PANI composite aerogels were
characterized by transmission electron microscopy (TEM) (JEOL-2010; JEOL Japan
Electronics Co. Ltd, Tokyo, Japan), energy dispersive spectrometer (EDS)
(GeminiSEM300; Carl Zeiss AG, Berlin, Germany), electronic universal tester (TMC4503;
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Jinan hengsi Shanda Instrument Co. Ltd, Jinan, China), Fourier transform infrared
spectrometer (FT-IR) (IRTracer-10; Shimadzu Co. Ltd, Tokyo, Japan), specific surface
area pore size analyzer (Autosorb-iQ-XR; Quantachrome, USA), and scanning electron
microscopy (SEM) (JSM-IT300LV; JEOL Japan Electronics Co. Ltd, Tokyo, Japan).
Electrochemical characterization was performed using a four-probe conductivity meter
(RTS-8; Suzhou lattice Electronics Co. Ltd, Suzhou, China), electrochemical workstation
(CHIB50E; Shanghai Chenhua Instrument Co. Ltd, Shanghai, China) for cyclic
voltammetry (CV), galvanostatic constant current charge-discharge (GCD) technology,
and electrochemical impedance spectroscopy (EIS). The potential range measured by CV
was -0.2 to 0.8 V. The GCD voltage window ranged from 0 V to 0.8 V, the segment was
set to 4, and the current density range was set from 0.2 A/g to 1 A/g. The EIS initial
potential was set to open circuit voltage, the frequency range was set from 0.01 Hz to
100000 Hz. The three-electrode setting was used, where the composite material was used
as the working electrode, the platinum electrode was used as the counter electrode, the
calomel electrode was used as the reference electrode, and a 1.0 M H2SO4 solution was
used as the electrolyte.

RESULTS AND DISCUSSION

Morphological and Structural Characterization

Figure 2 shows a transmission electron micrograph of CNF. The Na,CO3/NaHCO3
buffer system provided a relatively stable pH environment for the oxidation reaction,
thereby improving the selectivity of the TEMPO-dependent catalytic oxidation. There was
no obvious agglomeration of CNF, the size and distribution of the fibers were relatively
uniform, with a good dispersion.

Fig. 2. TEM of CNF showing no obvious agglomeration, uniform fiber distribution, and good
dispersion

Figure 3 shows the effect of SDS on the dispersion of graphene. The SDS acted as
a surfactant for GNS that still allowed GNS to be evenly dispersed in water after 24 h (vial
b). In the absence of SDS, the GNS solution was completely stratified after 6 h (vial a).
Thus, SDS provided a stable environment for the three composites and reduced the
agglomeration of GNS.

In the composite system, the pore structure is associated with the graphene content,
and the optimum ratio of GNS:CNF was experimentally explored. Figure 4 shows the pore
structure when GNS:CNF was 1:1 (panel a and b), and the state of the structure when
GNS:CNF was 3:2 (panel ¢ and d). It can be seen from Fig. 4 that an increase in the
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GNS:CNF ratio from 1:1 to 3:2 led to a loosening of the structure, characterized by
suboptimal pore formation and mechanical strength. Therefore, the optimal ratio of
GNS:CNF for the structure of the composite aerogel is 1:1.

Oh
Fig. 3. Effect of SDS on the distribution of GNS (a: graphene without SDS; b: graphene with
SDS)

Fig. 4. SEM image of CNF/GNS composite aerogel structure (a) and (b) where GNS: CNF = 1:1;
(c) and (d) GNS: CNF = 3:2

In-situ polymerization combines aniline doping with CNF and GNS to form
polyaniline. Figure 5 shows the FT-IR spectra of the CNF, GNS, PANI, and
CNF/GNS/PANI composites. For CNF, three characteristic peaks at 1061, 1615 and 2903
cm? indicate the presence of a hydroxyl group and a carboxyl group. For GNS, three
characteristic peaks at 1176, 1400, and 1635 cm™ represent the bending vibration peak of
-OH, the stretching vibration peak of the secondary alcohol, and the deformation vibration
peak of the benzene ring. For pure PANI, the peaks at 1592 and 1498 cm correspond to
the characteristic C-C extensions of the oxime and benzene rings, respectively, and the
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peaks at 1304 and 1145 cm™ are related to the C-N and C=N stretching vibrations. The
prepared CNF/GNS/PANI complex has obvious characteristic peaks of GNS and PANI,
and the peak intensity is weakened, indicating that the interaction between the three is tight.

Transmittance (a.u)

161

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 5. FT-IR spectrum of CNF, GNS, PANI and in-situ polymerized composite aerogel

Fig. 6. The SEM image of (a) In-situ polymerized composite aerogel; the element mapping images
of (b) C atom, (c) O atom and (d) N atom

The analysis of EDS showed that the distribution points of C, O, and N elements in
the composite aerogel prepared by in situ polymerization were very close, indicating that
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CNF, GNS, and PANI were distributed uniformly in the composite. Based on the analysis
results of the above infrared spectrum, it is shown that the PANI formed by in situ
polymerization is tightly combined with CNF and GNS.

Composite aerogels prepared by two different methods (i.e., mechanical mixing vs.
in-situ polymerization) also differ in morphology. Figure 7 shows agglomeration of PANI
on the surface (red ellipse in panel b) and on the inside (red ellipse in panel a) of the aerogel
prepared by mechanical mixing, displaying a loose structure. In contrast, the aerogel
prepared by the in-situ polymerization method had a regular pore structure, and PANI
agglomeration rarely occurred. Thus, the aerogel obtained by the in-situ polymerization
method was of superior quality.

Fig. 7. SEM images of composite aerogel prepared by mechanical mixing (a) and (b) or by in-situ
polymerization (c) and (d)

The isotherms of the prepared composite aerogels belong to type IV, which is
indicative of a mesoporous material, and the pore size was mostly between 5 and 20 nm.
The aerogel prepared by in-situ polymerization had a larger adsorption capacity and a more
uniform pore size distribution, mainly between 2 and 10 nm. The specific surface area of
the mechanically-mixed composite aerogel was 65.1 m?/g, while the material resulting
from in-situ polymerization reached 134.2 m?/g.

When GNS was added at 50%, it provided better compressive properties. The
compressive stress could reach 1.9 MPa, indicating a high mechanical strength, which is
consistent with the results of SEM image analysis. Compared with the mechanical mixing
method, the in-situ polymerization method has obvious advantages. The compression strain
can reach 2.35 MPa, which has higher mechanical strength, which is consistent with the
above analysis.
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Fig. 8. Nz adsorption-desorption isotherm and pore diameter analysis of composite aerogels (a)
mechanical mixing method; (b) in situ polymerization method
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preparation methods

Electrochemical Characterization

The conductivity of the electrode sheets was measured using a four-probe
conductivity meter. The measurement points were (0, 0), (0, 1), (0, -1), (1, 0), and (-1, 0),
and the average conductivity of each electrode was obtained. As shown in Fig. 10, as the
percentage of GNS increased, the average conductivity of the electrode also increased.
When the GNS content exceeded 50%, the electrical conductivity still increased (to 7.21
S/cm at 60% GNS), but the surface structure of the electrode was loosened and the GNS
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fell off, resulting in the loss of active material. Therefore, the authors found that when the
GNS:CNF ratio was 1:1, the dispersion and mechanical properties were optimal.

Figure 11 shows that as the in-situ polymerization time of PANI increased, the
average conductivity of the electrode also gradually increased. When the polymerization
time was 6 h, the conductivity reached a maximum of 11.78 S/cm. When the
polymerization time exceeded 6 h, the conductivity decreased. In an oxidizing
environment, the excessive polymerization time of aniline caused oxidative degradation of
the formed molecular chain, thereby reducing its electrical conductivity.
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Fig. 10. Conductivity test of composite electrode with different CNF/GNS ratios
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Fig. 11. Effect of different in-situ polymerization times of PANI on the conductivity of
CNF/PANI/GNS (2:1:2) aerogels
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Based on the cyclic voltammetry curve and the mass of the active material on the
electrode, the specific capacitance of the electrode material can be calculated by Eq. 1,

1dV
Cov = 1{ AV (l)

where Cqy is the specific capacitance of composite materials (F/g), | is the current (A), V is
the potential window (V), m is the mass of the active material on the electrode (g), and v is
the canning speed (mV/s).

The specific capacity of the composite material can also be calculated according to
Eq. 2,

Cog == 2
where Ccq is the specific capacity of the electrode material (F/g), | is the current (A), t is
the discharge time (s), V is the voltage difference after IR drop (V), and m is the active
material on the electrode quality (g).

Figure 12 shows that the cyclic volt-ampere curves of different scan rates displayed
a rectangular shape, which means that the internal resistance of the composite electrode
was small, and that the power characteristics were good. There was no obvious redox peak,
which indicated that the composite electrode had good capacitance characteristics and
reversibility. The specific capacitances of the composite electrode at the scan rates of 5,
10, 30, 50, and 100 mV/s were calculated using Eq. 1 to be 437.5, 325.6, 241.8, 215.2, and
183.7 F/g, respectively.
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Fig. 12. Effect of scan rates on the cyclic volt-ampere curves of the composite aerogel electrode

The rectangular shape indicated small internal resistance of the composite
electrode. Absence of redox peak indicated that the composite electrode had good
capacitance characteristics and reversibility.
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The charge-discharge curves exhibited a triangular characteristic at different
current densities (Fig. 13), which indicated that the voltage of the electrode had a linear
relationship with the charge and discharge time and exhibited good charge and discharge
performance. There was a small pressure drop at the beginning of the discharge, indicating
that the internal resistance of the composite electrode was small. The specific capacitances
of the composite electrodes at current densities of 0.2, 0.3, 0.5, and 1 A/g were calculated
by EqQ. 2 to be 375, 283, 208, and 169 F/g, respectively.
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Fig. 13. Galvanostatic charge-discharge (GCD) of composite aerogel electrode at various current
densities

The EIS initial potential was set to open circuit voltage, and the frequency range
was set from 0.01 Hz to 100000 Hz. The CNF/GNS/PANI aerogel was the working
electrode, the platinum electrode was the counter electrode, and the calomel electrode was
the reference electrode. 1.0 M H2SO4 was the electrolyte. Above 80 ohm the curve was
almost perpendicular to the Z' axis, indicating that the composite electrode had excellent
capacitance properties. Figure 14 shows that as the Z' axis increased continuously, the
curve in the figure had three stages of changes.
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Fig. 14. Nyquist plot for the composite CNF/GNS/PANI aerogel electrode

The first segment was semicircular, indicating the high frequency region of the
electrode. The second segment was a straight line with a slope of approximately 45°,
corresponding to the intermediate frequency region. The third segment was a straight line
approximately parallel to the Z" axis, corresponding to the low frequency region of the
electrode. The internal resistance of the electrolyte was 15.8 Q. A line almost perpendicular
to the Z' axis indicates that the composite electrode has excellent capacitance properties.

CONCLUSIONS

1. SEM images and pore size distributions analysis revealed that in situ polymerization of
aniline caused polyaniline (PANI) to be uniformly dispersed on the inside and surface
of aerogels comprised of nanofibrillated cellulose (CNF), graphene nanosheets (GNS)
and PANI, retaining the original loose porous structure. Compared with the mechanical
mixing method, it had higher compressive stress.

2. Tests on its different electrochemical properties showed that CNF/GNS/PANI
composite electrodes had excellent electrical conductivity and were suitable as
electrode materials.

3. Both GNS and CNF formed a three-dimensional network, which provided a stable basic
support for PANI. In summary, the three composite CNF/GNS/PANI aerogels are
excellent electrode materials that are ideal for supercapacitors.
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