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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� 1, respectively. The peaks
at 1100 and 897 cm� 1 were attributed to the C–O stretching and C–H deformation vibrations of cellulose,

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

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 (l)
NGCP-70, as shown in the corresponding insets
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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.

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 kΩ. When the GR
content increased to 70 wt% (i.e., in NGCP-70), the resistance decreased to 0.4–1.0 kΩ (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. 6c). The resistance of NGCP-10 was 280–550 kΩ, whereas that of NGCP-70 was
only 0.1–0.5 kΩ. 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

Figure 4: Fourier-transform infrared spectra of nanofibrillated cellulose (labeled as NGCP-0) and NGCP
samples with different graphene contents
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