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ABSTRACT

Nanopaper has attracted considerable interest in the fields of films and paper research. However, the challenge of
integrating the many advantages of nanopaper still remains. Herein, we developed a facile strategy to fabricate
multifunctional nanocomposite paper (NGCP) composed of wood-derived nanofibrillated cellulose (NFC) and
graphene as building blocks. NFC suspension was consisted of long and entangled NFCs (10-30 nm in width)
and their aggregates. Before NGCP formation, NFC was chemically modified with a silane coupling agent to
ensure that it could interact strongly with graphene in NGCP. The resulting NGCP samples were flexible and
could be bent repeatedly without any structural damage. Within the NGCP samples, the high aspect ratio of
NFC made a major contribution to its high mechanical strength, whereas the sheet-like graphene endowed the
NGCP with electrical resistance and electrochemical activity. The mechanical strength of the NGCP samples
decreased as their graphene content increased. However, the electrical resistance and electrochemical activity
of the NGCP samples both rose with increasing content of graphene. The NGCPs still kept advantageous mechan-
ical properties even at high temperatures around 300°C because of the high thermal stability of NFCs and their
strong entangled web-like structures. In view of its sustainable building blocks and multifunctional characteristics,
the NGCP developed in this work is promising as low-cost and high-performance nanopaper.
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1 Introduction

Cellulose is the most abundant renewable resource on Earth [1]. In recent years, the development of
lignocellulosic substances as advanced functional materials has attracted considerable attention. Cellulose
exists as nanofibers (microfibrils; elemental fibrils) within biomass resources such as wood [2], bamboo
[3], and agricultural residues [4], and supports the bulk of higher plant fibers [5—-8]. Cellulose nanofibers
have multiple useful features including a nanoscale intrinsic structure; high aspect ratio; favorable surface
chemistry because they contain numerous surface-active hydroxyl groups; strong mechanical
performance, i.e., a high Young’s modulus in the longitudinal direction of ~138 GPa [9] in their
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crystalline regions and high specific strength; flexibility; high thermal stability; and a very low coefficient of
thermal expansion (10~ K™') [3]. Thus, many methodologies have been used to extract different types of
nanocellulose from various biomass resources [10].

Nanofibrillated cellulose (NFC) is a specific kind of nanocellulose that has a high aspect ratio and web-like
entangled networks [11]. NFC has been widely used to fabricate nanopaper [12,13]. Compared with ordinary
paper composed of micrometer-sized cellulose pulp fibers, cellulose nanopaper has higher transparency, higher
strength, and a lower coefficient of thermal expansion [14]. However, it remains desirable to introduce other
novel functions—such as electrical conductivity and electrochemical activity—into nanopaper [15].
Nanocarbon has high electrical conductivity and satisfactory electrochemical properties [16]. Among the
various forms of nanocarbon, graphene (GR) has become a research focus in materials science because of
its excellent properties and unique two-dimensional (2D) lattice structure [17]. A 2D crystal of GR is
composed of a single layer of sp* hybridized carbon atoms. Both GR and graphene oxide (GO) have been
combined with other substances to prepare bulk materials with excellent performance including one-
dimensional (1D) fibers, 2D paper, and three-dimensional (3D) hydrogels [18] and aerogels [19,20]. Such
composite bulk materials have demonstrated considerable potential in many fields including energy storage
[21], electronics, environmental purification, and catalysis [22,23].

The integration of 1D wood-derived NFC and 2D GR or GO can produce high-performance composite
nanopaper [24,25]. In such nanopaper, the 1D NFC provides an entangled structure, active surface hydroxyl
groups, and high mechanical strength, whereas the 2D GR or GO supplies electrical conductivity and
electrochemical activity [26,27]. Nanopaper samples have been prepared by homogenously mixing an
aqueous suspension of NFC with a dispersion of GR [28].The water in the reaction mixture was then
largely removed by vacuum filtration. After hot-pressing or natural evaporation, NFC/GR composite
nanopaper with excellent mechanical properties was produced [25]. Within composite nanopaper, a strong
attractive interaction forms between GR and NFC. This interaction enhances the mechanical strength of
the composite nanopaper and increases the synergistic effect of its building blocks [29,30]. Biomimetic
composite nanopaper has been fabricated by integration of NFC and GR modified with proteins via
genetic engineering [31]. Coating GR with protein facilitated its dispersion in the NFC matrix. We
prepared nanopaper samples with high density and homogeneous structure at the microscale [14]. A
lamellar alignment of the NFC and GR flakes was observed within the nanopaper, which led to
satisfactory mechanical strength.

Although several methods to fabricate nanopaper using NFC and GR as building blocks have been
developed, a simple, effective, and economical strategy for the large-scale production of nanopaper is still
required. Moreover, an in-depth investigation of nanopaper and its components is necessary to improve
the performance of nanopaper. Herein, we isolate NFC from wood by chemical pretreatment combined
with high-pressure homogenization and nanofibrillation. The surface of the NFC is then modified using a
silane coupling agent to promote the uniform dispersion of GR within the NFC suspension. The modified
NFC and GR are integrated to produce multifunctional nanopaper (denoted as NGCP). The properties of
NGCP, including flexibility, strength, electrical resistance, and electrochemical activity, are evaluated.

2 Experimental Section

2.1 Materials

NFC was isolated from poplar wood powder (60—80 mesh). The silane coupling agent (KH-570; >98%)),
single-layer GR powder (lamellar diameter: 0.5-2 pm; thickness: 0.8 nm; single layer rate: ~80%) was
purchased from commercial resources, acetic acid, sodium chlorite (NaClO,), potassium hydroxide
(KOH), and hydrochloric acid (HCI) were all laboratory-grade chemicals that were used as received.
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2.2 Preparation of NFC

The extraction of NFC was based on our previously reported method [14]. Wood powder was first
treated with acidified NaClO, (75°C for 1 h; four times). Subsequently, the sample was treated with
2 wt% KOH at 90°C for 2 h. To obtain highly purified cellulose pulp, the sample was further treated
with acidified NaClO, at 75°C for 1 h and then 5 wt% KOH at 90°C for 2 h. The sample was treated
with HCI (0.3 mol/L) at 80°C for 2 h. After chemical pretreatment, an aqueous suspension of the purified
cellulose pulp (0.2 wt%, 100 mL) was nanofibrillated for 20 min at 800 W using an ultrasonic generator
(JY 99-1ID, Ningbo Scientz Biotechnology Co., Ltd., China) equipped with cylindrical titanium alloy
probe tip (diameter: 15 mm). The slurry was treated with a homogenizer (APV-2000, SPW, Charlotte,
NC, USA) for 20 min to produce an aqueous suspension of NFC. In the homogenizer, homogenizing
valve 1 was operated at a pressure of 80—100 bar (8—10 MPa) and homogenizing valve 2 was operated at
350450 bar (35-45 MPa).

2.3 Preparation of Silane Coupling Agent-Modified NFC
KH570 (5 g), methanol (18 g), and distilled water (2 g) were stirred together for 10 min. The pH of the
solution was then adjusted to 3.5—4 using acetic acid. The solution was added to the aqueous suspension of

NFC (0.2 wt%, 100 mL). The mixture was agitated for 2 h at 45°C to produce the silane coupling agent-
modified NFC.

2.4 Preparation of GR Aqueous Suspension

GR (0.05 g) was added to distilled water (24.95 g) and dispersed in an ultrasonic cleaner for 40 min.
Polyvinylpyrrolidone (PVP) (0.25 g) was added to the GR suspension. The mixture was agitated by an
ultrasonic cleaner for 40 min to provide the GR aqueous suspension.

2.5 Preparation of NGCP
The GR suspension was added to the modified NFC aqueous suspension. The mixture was stirred at
45°C for 2-3 h and then cooled to room temperature. An aliquot of the suspension (10 mL) was vacuum

filtered. The obtained wet sheet was placed on a silicon wafer and then dried at room temperature for
2-3 days to produce the NGCP.

2.6 Characterization

Transmission electron microscopy (TEM; Tecnai G2, FEI, USA) was conducted to investigate the
morphology of NFC and GR. The NGCP samples were also imaged by scanning electron microscopy (SEM;
Quanta 200, FEI, USA). Fourier-transform infrared (FTIR) spectroscopy (Magna 560 Nicolet, Thermo
Electron, USA) was performed in the range of 400-4000 cm ' at a resolution of 4 cm '. The mechanical
properties of NGCP were determined using a universal mechanical testing machine (TA120-6AA, Zhonghang
Electronic Measuring Instruments Co., Ltd., China) at a tensile speed of | mm/min at room temperature. An
RST-8 four-probe tester (Guangzhou four probe technology., Guangzhou, China) was used to measure the
resistance of the NGCP samples. Electrochemical measurements of NGCP were performed in a three-
electrode system in which platinum foil and Hg/HgO electrodes were used as counter and reference
electrodes, respectively. Aqueous KOH solution (3 mol/L) was used as the electrolyte. All potential difference
values were normalized to the same reference electrode. The electrochemical measurements were carried out
on a CHI660D electrochemical workstation (Chenhua Instrument Co., Shanghai, China).

The specific capacitance of the electrode was calculated according to the following equation:

C = 25/(AVmy) (1)
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where C is the specific capacitance (F/g), S is the integral area obtained from the cyclic voltammetry
measurements, AV is the potential window, m is the quantity of the sample (g), and y is the scan rate (mV/s).

3 Results and Discussion

3.1 Fabrication of NGCPs

The preparation of the NGCP samples is represented schematically in Fig. 1. A trace amount of the
silane coupling agent (KH570) was added to an NFC aqueous suspension to ensure the homogeneous
dispersion of the high-aspect-ratio wood-derived NFC in water. KH570 reacted with the hydroxyl groups
to form silane groups on the NFC surface, thereby suppressing aggregation and ensuring uniform
dispersion of NFC in water. A GR aqueous dispersion was then added to the NFC suspension, followed
by gentle stirring. A thin and uniform NGCP was obtained after vacuum filtration and drying the wet
sheet at room temperature. The contents of the building blocks in the NGCP can be easily controlled by
adjusting the volumes of the NFC and GR suspensions mixed together. The resulting NGCP samples are
referred to as NGCP-x, where x is the weight percentage of GR in the NGCP.

(@)
KH570 NFC/GR
¢ GR suspension aqueous suspension
5 ) =
L 45 °C 45 °C
b
mixing 2h mixing 2h

for filtration

NFC suspension
(b) Hydrolysis of silane coupling agent

R e M
R'=Si—OR —> R'—Si—OH
OR OH
Silane coupling agent modified NFC
?H (I)H
R'—SlI—OH R'—Si—OH I}' I?
OH OH HO -—SII—OH HO—SII—OH
¥ —> QH OH

~H ~H “ ~H “H

Figure 1: (a) Schematic diagram showing the fabrication of the NGCP. (b) Synthesis of KH570-modified
wood-derived NFC. (c) Digital photographs showing an NGCP sample and its resistance

3.2 Characteristics of NGCP

As shown in the TEM images in Fig. 2, when NFC and GR were homogeneously mixed, the flake-like
GR became interconnected with the high-aspect-ratio NFC network to form NGCP. The as-obtained NGCP
was flexible and tailorable. Cross-sectional SEM images of NGCP samples are shown in Fig. 3. The NGCP
samples had layered structures that were similar to that of nacre. The thickness of the NGCP sample
increased with the GR content. The sheet-like GR and fiber-like NFC were closely interconnected within
the NGCP and there were no obvious defects. Energy-dispersive X-ray spectroscopy (EDS) analyses of
NGCO samples revealed that they were mainly composed of carbon (C) and oxygen (O) (Figs. 3d, 3h
and 31). A trace amount of silicon (Si) was also present, which originated from the silane coupling agent.
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Figure 2: (a) Transmission electron microscopy (TEM) image of wood-derived NFC. (b) TEM image of
NFC and graphene (GR) obtained from an NFC/GR mixture
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Figure 3: Scanning electron microscopy images of (a—c) NGCP-10, (e—g) NGCP-45, and (h—j) NGCP-70.
Energy-dispersive X-ray spectra measured from the surfaces of (d) NGCP-10, (h) NGCP-45, and (1)
NGCP-70, as shown in the corresponding insets

FTIR spectra of NFC and NGCP samples are shown in Fig. 4. The dominant peaks ascribed to O-H
stretching and C—H stretching were located at approximately 3406 and 2900 cm ', respectively. The peaks
at 1100 and 897 cm™' were attributed to the C—O stretching and C—H deformation vibrations of cellulose,
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respectively. There were no observable differences between the FTIR spectra of NFC and the NGCP samples,
suggesting that the introduction of GR did not change the molecular structure of NFC in NGCP.
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Figure 4: Fourier-transform infrared spectra of nanofibrillated cellulose (labeled as NGCP-0) and NGCP
samples with different graphene contents

Because the NFC and GR were closely interconnected in the NGCP samples, they possessed high
mechanical strength and flexibility. As shown in Fig. 5a, the NGCP samples were able to be bent and
folded repeatedly without any noticeable damage. Moreover, the surfaces of the NGCP samples were
smooth (Fig. 5b). Complete stress—strain curves of NGCP samples with various GR contents are shown
in Fig. 5c. NGCP-10 had the greatest mechanical strength of the samples, with a tensile stress of
approximately 55 MPa. The mechanical strength of the NGCP samples decreased with increasing GR
content. The tensile stress of NGCP-70 was approximately 0.5 MPa. The Young’s moduli of the NGCPs
(Fig. 5e) followed a similar trend to that of their mechanical strength. The Young’s modulus of NGCP-10
was 29 MPa, whereas that of NGCP-70 was only 2 MPa. Therefore, NFC played a critical role in
enhancing the mechanical properties of NGCP.

Fig. 6a illustrates the conduction mechanism of NGCP. The surface of NFC possesses numerous
hydroxyl groups, which were activated by the silane coupling agent. In NGCP, NFC and GR were closely
interconnected through intermolecular forces such as hydrogen bonding and van der Waals interactions.
The conductive GR and insulating NFC were entangled to form continuous conductive pathways, which
endowed the composite with good electrical resistance. The electrical resistance of the NGCP samples
was high when their GR content was low. The resistance of NGCP-10 was 200-350 kQ. When the GR
content increased to 70 wt% (i.e., in NGCP-70), the resistance decreased to 0.4—1.0 kQ (Fig. 6b). These
results illustrated that the resistance of the NGCPs decreased and their electrical performance increased as
the GR content increased. A four-probe tester was used to further evaluate the electrical properties of the
composite paper (Fig. 6¢). The resistance of NGCP-10 was 280-550 kQ, whereas that of NGCP-70 was
only 0.1-0.5 kQ. Therefore, the introduction of GR significantly improved the electrical performance of
NGCP. The electrochemical properties of the NGCPs were investigated by cyclic voltammetry (see Figs
S1-S3 in the Supporting Information). The cyclic voltammetry curves of the NGCPs with various NFC/
GR ratios were closed, indicating high stability, and their areas increased with GR content, indicating that
a higher GR content resulted in better electrochemical properties. As the sweep rate increased, the areas
of the cyclic voltammetry curves of the NGCP samples increased and their specific capacitance
decreased. The specific capacitance of the NGCP samples increased with their GR content up to 24 F/g
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for NGCP-70. The addition of GR improved the electrochemical properties of NGCPs, but their performance
was still lower than those of other graphene composites (see Fig. S4 in the Supporting Information).
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Figure 5: (a) Digital photographs of NGCP-10. (b) Scanning electron microscopy image of surfaces of
NGCP-10. (c) Stress—Strain curves, (d) Ultimate tensile stress values, and (e) Young’s moduli of NGCP
samples with different graphene contents
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Figure 6: (a) Conduction mechanism of the NGCP. Resistance of the NGCP samples determined by (b) a
multimeter and (c) the four-point probe method. (d) Conductivity of the NGCP samples compared with
different materials
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4 Conclusions

We fabricated NGCP using wood NFC and GR as building blocks. The silane coupling agent-modified
NFC and GR were closely interconnected within the NCGP samples. The NGCP samples were flexible and
could be bent and folded repeatedly without any observable damage. NGCP-10 had a tensile strength of
approximately 55 MPa and Young’s modulus of 29 MPa. The mechanical strength of the NGCP samples
decreased as their GR content increased. However, the electrical resistance of the NGCP samples was
raised by the introduction of GR. The electrical resistance of NGCP-70 was 0.1-0.5 kQ. Because of the
electrochemical activity of GR, the NGCP samples also exhibited favorable electrochemical performance.
The specific capacitance of the NGCP samples increased with their GR content.
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Cyclic voltammograms of NGCP-10

25 -
20 |
15 L
<"1
E st
€ ol
S o
o I
S5 5¢
@) ol ——10 mV/s
U 20 mV/s
-15 | ——50 mV/s
r 100 mV/s
20 -200 mV/s
-25 1 1 | 1 N 1 " 1
1.0 0.8 0.6 0.4 0.2 0.0
Voltage (V)

Figure S2:

Cyclic voltammograms of NGCP-45
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