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Abstract. Wood-derived carbon is a neoteric self-supporter electrode material for supercapacitors or batteries. To improve
the electrochemical characteristics, polyaniline (PANI) was deposited on wood carbon (WC) by an in-situ polymerization
method. The sandwich-like symmetrical solid-state supercapacitor was developed by preparing WC/PANI composites and
their electrochemical properties were examined. The device showed an excellent capacity retention and displayed the maximum specific capacitance of 22.5 mF cm−2 at a scan rate of 10 mV s−1 . It was also demonstrated an excellent electrical
conductivity and an outstanding retention of ∼82%. It was suggested that the PANI accommodated into WC without any
significant morphological change during the charge–discharge cycling of the hybrid WC-based composites. The microstructure and chemical structure of WC/PANI composites were also characterized by the Fourier-transform infrared, Raman
spectroscopy and X-ray diffraction techniques.
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1. Introduction
Recently, a supercapacitor has been attracted much
interest due to its high-power density, excellent charge–
discharge rates, long-cycle life and high-energy density [1].
The electric performance of supercapacitors depends largely
on quality of electrode materials. Commonly, porous carbon, such as activated carbon [2–4], carbon fibres [2,5],
carbon nano-tubes [6,7], or carbon aerogel [8], is used for
electrode materials because of its relatively high-specific
surface area, high-electrical conductivity, stability in an
electrolyte and low cost [1,2]. Generally used porous carbon is particles with a size from micrometres to nanometres. When building an electrochemical device, it needs
to introduce other additives as binders to gather the particles together. For example, poly(vinylidene difluoride)
agglutinates carbon particles together, followed by coating
on Ni foam as an electrode in supercapacitors [8]. However, the polymer binder is inactive, resulting in negative
effects on the device, such as the decreased specific surface
area and continuous channels, increased weight and volume, low-energy conversion efficiency and storage capacity
[9,10].

One of the strategies to address these drawbacks is to
design and fabricate free-standing carbon porous materials. From this respective, wood-derived carbon provides an
ideal model. The natural structure of wood, well-oriented
channels and multi-dimension pores for ion or electron storage and diffusion remains unchanged [11,12]. The wood
structure can be a conductivity frame directly used to be
a free-standing electrode without any binders or conductive additives. On the other hand, wood is green, sustainable, environment-friendly and plenty source materials.
Teng et al [13] directly used carbonized wood as electrodes for supercapacitors and compared the electrical performances from three wood species. However, the obtained
specific capacity (25 μF cm−2 ) of carbon was far below
to its theoretical value (500 μF cm−2 ) when the exclusive
carbon was used as an electrode. As a solution, carbon
materials have been usually composited with other conductive materials, such as MnO2 , polyaniline, polypyrrole,
etc. The doped-conductive materials are benefit to higher
specific capacity and energy density of electrodes. These
synthesized composites are used as cathodes in batteries or supercapacitors. Chen et al [12] reported a novel
design concept of an all-wood-structured supercapacitors,
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in which, the activated-wood carbon (WC) was used as an
anode, WC/MnO2 composites were as cathodes and separated by wood piece, reaching an electrical capacity of
3600 mF cm−2 at 1 mA cm−2 . Luo et al [14] also used woodderived carbon to form a high-performance Li-O2 battery
cathode.
Polyaniline (PANI) is a commonly commercial conducting polymer for high-performance energy storage and devices
due to its high-electrical conductivity, low cost, high-specific
capacity, good biocompatibility and simple synthesis method
[15,16]. In the previous reports, PANI was widely synthesized with different substrate materials, such as graphene
[17,18], graphene hydrogels [19], activated carbon [20],
carbon nanotubes [21,22], carbon fibre cloth [23,24] and
cellulose nanofibres [25], to serve as electrode materials
in supercapacitors. To our knowledge, employing PANI
on WC for electrodes of electric double-layer capacitor is
rarely reported. PANI was in-situ polymerized on a naturalwood slice surface and shown a high-specific capacitance
of 304 F g−1 , but had a moderate cycling stability (72.3%)
after 5000 cycles [26]. Herein, the wood-derived carbon slice
was prepared, followed by in-situ oxidative polymerization
of aniline and fabrication of WC slice/PANI composites.
The as-fabricated composites were characterized by the scanning electron microscopy (SEM), Fourier-transform infrared
(FTIR), Raman spectroscopy and X-ray diffraction (XRD)
and then their electrochemical properties were measured
using cyclic voltammetry (CV) and a galvanostatic charge–
discharge (GCD) system.
2. Experimental
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2.3 Material characterization
The morphologies and structures of the WC/PANI composites
were characterized by SEM (FEI Quanta 200 Environmental)
and XRD (Rigaku Ultima III X-ray diffractometer using Cu
Kα radiation). The specific surface area and pore volume of
WC and WC/PANI were measured on a Micromeritics ASAP
2020 instrument at −196◦ C (USA). The FTIR spectrometer
was performed on a Thermo Electron Nicolet 6700 FTIR.
The Raman spectrum was collected by the Thermo Electron
Almega XR Raman Spectrometer.
2.4 Electrochemical characterization
The as-fabricated WC/PANI composites were used as a symmetric electrode to design a solid-state supercapacitor using
the PVA/LiOH gel electrolyte. The CV, GCD profile and electrochemical impedance spectroscopy (EIS) were carried out
by the potentiostat (Gamry Reference 3000). The specific
capacitance from CV is calculated using equation (1):

C=

E2
E1

i(E)dE
2(E2 − E1)Aν

(1)

where C is the areal capacitance on the individual electrode.
E1 and E2 are the potential cut-off in CV. i(E) is the instan E2
taneous current and E1 i(E)dE is the total charge obtained
by integrating the positive and negative cycle of CV. E2−E1
(E) is the potential window, A is the surface area of the
electrode and ν is the scan rate (mV s−1 ). Additionally, the
areal capacitance from the GCD profile was calculated using
equation (2):

2.1 Preparation of WC
Firstly, grand fir (Abies sp.) blocks were cut into ∼2.5 mm
thickness with a cross section of 0.5 cm × 0.7 cm. After being
dried at 60◦ C to remove moisture, these wood slices were
placed into a reactor and thermally treated at 200◦ C for 3 h
in vacuum, followed by carbonization at 800◦ C for 1 h under
argon protection.

C=

I t
AV

(2)

where I is the discharge current density (mA cm−2 ), t is
the discharge time, A is the area of the electrode and V is
the voltage change during discharge.

2.2 Synthesis of WC/PANI composites

3. Results

An in-situ synthesis PANI on the WC surface was fabricated
according to the previous report [18,23]. In brief, a mixture
of 2.32 ml aniline with 25 ml 2 M hydrochloric acid was
stirred in an ice bath for 10 min. Then about 0.03 g WC
was added into the previously obtained solution under vacuum (−98 kPa) conditions for 30 min. After surface residual
solution was absorbed, the as-treated WC was immersed in
ammonium persulphate hydrochloric acid solution under vacuum for 30 min. The molar ratio of the aniline and ammonium
persulphate was 1:1. The immersion process was repeated for
three times. Finally, the WC/PANI was washed with 1% HCl,
distilled water and ethanol successively and then oven-dried
at 60◦ C.

3.1 Structure of WC/PANI composites
Figure 1 shows the digital photograph and SEM images of
grand fir wood, grand fir wood-derived carbon and WC/PANI
composites. Grand fir, a typical softwood, has uniform texture and distinct earlywood and latewood on cross-section
(figure 1a). The axial tracheid takes over 90% proportion in
grand fir wood. After 800◦ C carbonization, the black grand
fir WC still retained the pristine wood tracheid structure
(figure 1b and d). However, more cracks appeared in the
area of connection of two pieces of tracheid and a number
of pits on tracheid wall collapsed (figure 1e). The intrinsic
porosity and newly generated cracks could be responsible for
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Figure 1. Digital photographs of (a) wood and (b, c) WC and SEM of (d, e) WC and (f, g) WC/PANI
composites. EW: earlywood, LW: latewood, C: cracks, P: pits and T: tracheid in grand fir wood.

Figure 2. (a) FTIR, (b) Raman spectroscopy and (c) XRD spectra of WC and WC/PANI composites.

Table 1.

Results of the specific surface area and pore volume of the WC and WC/PANI composites.
(b)

Sample
WC
WC/PANI

(a)
SSABET

(m2 g−1 )

490.601
80.686

Pore size (nm)
3.628
0.418

SPVDFT total volume
in pores (cm3 g−1 )
0.282
0.054

t-Plot micropore
volume (cm3 g−1 )
0.140
0.175

t-Plot micropore area
(cm2 g−1 )
280.312
353.583

Note: (a) SSABET = specific surface area by the BET method. (b) SPVDFT = specific pore volume by density functional theory (DFT).

transferring and storing of PANI. When in situ polymerization of PANI occurred in WC, unfortunately, much more
PANI was deposited on the surface of WC and shown as

micro-level partials (figure 1f). WC services as a selfsupporter for PANI particles. A small quantity of PANI
scattered in tracheid cell lumen (figure 1g). The formation
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Figure 3. Electrochemical performance of solid-state supercapacitor (WC-PANI//PVA-LiOH//WC-PANI).
(a) CV curves of a WC/PANI-based supercapacitor at different scan rates. (b) Capacitance vs. scan rates. (c)
GCD profile at different current densities. (d) Areal capacitance variation with current density. (e) EIS with an
inset of the high-frequency range before and after cycling. (f) Areal capacitance (mF cm−2 ) and capacitance
retention (%) with cycle number up to 25,000 cycles.

of PANI on WC was further confirmed by FTIR and
XRD.
To study the chemical structure, the as-prepared WC
and WC/PANI composites were characterized by the FTIR
spectrometer, XRD and Raman spectroscopy (figure 2).
Figure 2a shows that the WC exhibited no IR absorption bands, but some distinct bands at wavenumbers of
1590, 1496, 1302 and 1143 cm−1 presented in WC/PANI

composites. The bands at 1590 and 1496 cm−1 were attributed
to C=N and C=C stretching deformation of the quinonoid
ring and benzenoid ring of PANI, respectively [22,25]. The
band at 1302 cm−1 corresponds to C–N in-plane ring bending vibration from secondary-aromatic amines [25,27]. The
C–N bending vibration of secondary amines in PANI was
located at 1143 cm−1 [27]. All the characteristic bands in
the IR spectrum suggested that PANI was deposited on WC.
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In figure 2b, it was found that the WC had a weak board
peak at 2θ of about 23.5◦ and a small-sharp peak at 2θ of
around 43.5◦ , corresponding to the (002) and (100) planes,
respectively [28,29]. Compared with the WC, WC/PANI
demonstrated obvious peaks at the same 2θ degrees. Additionally, the diffraction peaks at 2θ = 25.4◦ of WC/PANI
was attributed to the (200) crystal plane of PANI [23,30].
Figure 2b shows the Raman patterns of the WC and WC/PANI
composites. The Raman spectrum of both the materials displayed two dominant bands near 1350 cm−1 (D band) and
1590 cm−1 (G band), which attributed to disordered (defective) sp3 -bonded carbon atoms and crystalline sp2 -bonded
carbon stretching, respectively [18,31]. The intensity ratios
of D and G bands (ID/IG) for the WC and WC/PANI
were found to be 0.918 and 0.948. The increased ID/IG
ratio may be corresponded to the recovery of sp2 networks
and an oxidation reaction by depositing PANI on the WC
[18].
The specific surface area and pore volume of WC and
WC/PANI composites are shown in table 1. After depositing PANI on WC, SSABET decreases from 490.601 to
80.686 m2 g−1 and inferred that more PANI covering on the
surface of WC, which can be verified by the SEM result. Yang
et al [30] reported that the Brunauer–Emmett–Teller (BET)
surface area of pure PANI is 48 m2 g−1 . And the total volume
of pores also sharply decreases from 0.282 to 0.054 cm3 g−1
in WC/PANI. However, the pore size smaller than 0.5 nm
caused the increasing in a volume and area of the micropore
(diameter <2 nm) in WC/PANI. The ultramicropores (<1 nm)
and the rich active heteroatoms play a positive effect on the
high-gravimetric specific capacitance [32].
3.2 Electrochemical characteristics of WC/PANI
composites
CV is a powerful characterization tool used for the electrochemical investigation of ultra-thick WC/PANI electrodes.
Figure 3a shows the CV curves of solid-state supercapacitors (WC-PANI//PVA-LiOH//WC-PANI), at different scan
rates ranging from 10 to 500 mV s−1 . The area of the curve
increased with increasing scan rates with a curve shape, indicating both double layers (rectangular) due to the WC and
faradic charge transfer (redox reaction at ±0.5 V) attributing
to PANI [20]. The capacitance of this device is 22.5 mF cm−2
at a scan rate of 10 mV s−1 and decreased to 1 mF cm−2
at a scan rate of 10 V s−1 , as illustrated in figure 3b,
suggesting excellent capacity retention of the solid state
supercapacitor. Jiao et al [26] reported that the PANI/wood
composite electrode has a high-specific capacitance of
304 F g−1 at a current density of 0.1 A g−1 . Although more
supercapacitor electrodes are based on PANI and such other
biomaterials, PANI/RGO wood [33], CNFs/MWCNTs/PANI
[34], CNFs/MWCNTs/PANI aerogel [25], they show certain
specific capacitance at different current densities. And this
differences are mainly due to the electrochemical test system, electrolyte solution, chemical composition and other
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reasons. The GCD profile of this device showed distortedtriangular characteristics, with a slight potential drop in the
region of 0.45 to 0.5 V; which was attributed to internal resistance caused by the solid–solid interface and the PVA-LiOH
gel electrolyte. The variation of discharge areal capacitance
with current densities is demonstrated in figure 3d, with
capacitance values of 27, 15, 10, 7, 6, 5, 4.35, 4.02, 3.85
and 3.8 at current densities of 3, 6, 9, 11, 14, 17, 20, 23,
26 and 29 mA cm−2 , respectively. Furthermore, EIS was
performed before and after the charge/discharge cycle at
a potential amplitude of 5 mV in the frequency range of
100 kHz to 10 mHz (figure 3e). The equivalent series resistance value, as indicated by x-intercept, was ∼2.2  (both
before and after cycle) and the absence of semi-circle related
to charge transfer resistance indicated excellent electrical
conductivity of the solid-state supercapacitor device, facilitating efficient adsorption of ions at the solid–gel interface
[35]. Additionally, the solid-state supercapacitor device was
cycled at a current density of 20 mA cm−2 with an initial
capacitance of 5 mF cm−2 and an outstanding retention of
∼82% as indicated in figure 3f. The capacitance value in
this study was much higher with more capacitance retention than other reported values [24,26], suggesting that the
PANI accommodates into WC without any significant morphological change during cycling of the hybrid WC-based
composites.

4. Conclusion
The grand fir WC was fabricated by a simple and feasible
carbonization process, followed by the in-situ polymerization
of PANI into wood-derived carbon. A symmetrical solid-state
supercapacitor was designed using a PVA/LiOH gel as a separator between two as-prepared WC/PANI electrodes. The fabricated device showed excellent capacity retention, and displayed the maximum specific capacitance of 22.5 mF cm−2
at a scan rate of 10 mV s−1 . It also performed an outstanding
electrical conductivity and retention of ∼82%. This investigation suggested that PANI accommodated into the WC
without any significant morphological change during charge–
discharge cycling of the hybrid WC-based composites.
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