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Abstract Wood is an ideal type of support material
whose porous structure and surface functional groups are
beneficial for deposition of various guest substances for
different applications. In this paper, wood is employed as a
porous support, combined with two kinds of conductive
polymers (i.e., polyaniline (PANI) and polypyrrole (PPy))
using an easy and fast liquid polymerization method.
Scanning electron microscope observations indicate that
the PANI–PPy complex consists of nanoparticles with a
size of ~20 nm. The interactions between oxygen-
containing groups of the wood and the nitrogen composi-
tion of PANI–PPy were verified by Fourier transform
infrared spectroscopy. The self-supported PANI–PPy/
wood composite is capable of acting as a free-standing
supercapacitor electrode, which delivers a high gravimetric
specific capacitance of 360 F$g–1 at 0.2 A$g–1.

Keywords wood, polypyrrole, polyaniline, supercapaci-
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1 Introduction

Supercapacitors are a novel class of electrochemical
energy storage systems, which have the ability to bridge
the power/energy gap between traditional dielectric
capacitors and batteries/fuel cells[1]. It is known that
supercapacitors universally possess ultrahigh power den-
sities[2], fast charge–discharge properties[3], excellent
reversibility[4], a long lifecycle[5] and wide operation
temperature[6]. According to the difference in energy
storage mechanisms, supercapacitors can be classified into
two categories: electrical double-layer capacitor (EDLC)
materials (such as carbon materials) and pseudocapacitive
materials (e.g., transition-metal oxides or hydroxides and
conductive polymers)[7]. For EDLCs, the capacitance is
due to electrostatic charge separation at the interface

between the electrode and the electrolyte; while for
pseudocapacitors, the capacitance relies on fast and
reversible faradaic redox reactions to store charges[8]. In
general, pseudocapacitive materials deliver higher capaci-
tance and energy density than those of EDLC materials.
Conductive polymers (for instance polyaniline (PANI),
polypyrrole (PPy) and polythiophene (PTh)) are a class of
important pseudocapacitive materials[9]. Supercapacitor
electrodes prepared with these conductive polymers have
already exhibited numerous merits, such as high electro-
chemical activity and conductivity, good cost-effectiveness
and easy of synthesis[10–13]. Nevertheless, because of their
poor mechanical strength, difficulty in processing and
handling, ease of agglomeration and low porosity,
conductive polymers are widely combined with various
host materials, e.g., carbon aerogels[14], cellulose nanofi-
brils[15] and cellulose paper[16].
Wood is a green and ideal matrix with many fascinating

properties, for instance, renewability, low density and
thermal expansion, ease of machining, and good mechan-
ical strength. Wood has been combined with various
organic or inorganic substances (such as ZrO2

[17],
graphene[18] and polyvinyl alcohol[19]) for multifarious
applications (such as ultraviolet resistant catalysts and
reinforcing materials). In the field of supercapacitors, wood
has abundant direct channels with low tortuosity along the
tree-growing direction, which have been demonstrated to
allow fast transport of electrolyte ions[20]. Moreover, in our
previous research, we have integrated wood with PANI via
a method of oxidative polymerization and this binary
composite shows a moderate specific capacitance of
304 F$g–1 at 0.1 A$g–1 [21]. However, the value can be
further improved by introducing new electrochemically
active components.
Herein, natural wood was used as a green and

nanoporous support to combine with PANI–PPy nano-
composites by virtue of a liquid-phase synthesis method.
The micromorphology and chemical bonds of the as-
prepared wood-supported PANI–PPy hybrid (coded as
PANI–PPy/wood) was studied by scanning electron
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microscopy (SEM) and Fourier transform infrared spec-
trum (FTIR) analysis, respectively. In addition, the
electrochemical performances of PANI–PPy/wood were
studied in a three-electrode configuration via cyclic
voltammetry (CV), galvanostatic charge–discharge
(GCD) and electrochemical impedance spectroscopy
(EIS) methods.

2 Materials and methods

2.1 Materials

Pyrrole, iron (III) chloride hexahydrate (FeCl3$6H2O),
hydrochloric acid (HCl, 37%), aniline and ammonium
peroxide sulfate, tert-butyl alcohol and absolute ethyl
alcohol were supplied by Kemiou Chemical Reagent Co.,
Ltd. (China). Paulownia wood processing residues were
collected from a wood-working factory in China (Linwei
Wood Industry, Caoxian County in Shandong province)
and cut into slices with a thickness of ~1 mm. These wood
slices were rinsed ultrasonically with absolute ethyl
alcohol and distilled water for 30 min and dried at 60°C
for 24 h.

2.2 Deposition of PANI on wood support

The deposition of PANI on the wood support was
performed by the method described in[21]. Briefly, the
wood slices were immersed in a 100 mL aqueous solution
of aniline monomer for 24 h at room temperature. The
mass ratio of wood to aniline was set as 1:10.
Subsequently, a mixture of oxidant (ammonium peroxide
sulfate, 0.08 mol) and dopant (hydrochloric acid,
1 mol$L–1, 96 mL) was dropwise added into the above
solution precooled to 0°C. The reaction was allowed to
proceed for 4 h at 0–10°C. Finally, the resultant PANI/
wood slice was rinsed with a large amount of distilled
water.

2.3 Deposition of PPy on PANI/wood

The deposition of PPy on PANI/wood was conducted
according to the method in our previous report[11].
Typically, PANI/wood was soaked in 100 mL water
solution of pyrrole monomer (1.35 mol$L–1) for 2 h and

then slowly mixed with an aqueous solution of
FeCl3$6H2O (oxidant). The molar ratio of ferric iron/
pyrrole was set as 1:1. After the polymerization, the as-
prepared PANI‒PPy/wood was washed with distilled water
and tert-butyl alcohol in sequence and then underwent a
freeze-drying process for 24 h at 25 Pa.

2.4 Characterization

The morphology was characterized by an SEM (Hitachi,
S4800) equipped with an energy dispersive X-ray (EDX)
detector for elemental analysis. FTIR spectra were
recorded using a Nicolet Nexus 670 FTIR instrument in
the range of 500–4000 cm–1 with a resolution of 4 cm–1.
Electrochemical tests were conducted in a three-electrode
setup with PANI‒PPy/wood as the working electrode and
an Ag/AgCl electrode and a Pt wire electrode as reference
and counter electrodes, respectively and 1 mol$L–1 HCl
aqueous solution electrolyte. CV, GCD and EIS tests were
implemented using a CS350 electrochemical workstation
(Wuhan CorrTest Instruments Co., Ltd). CV tests were
conducted over the potential window from – 0.2 V to 1.0 V
at different scan rates of 5, 10, 20 and 50 mV$s–1. GCD
curves were tested in the potential range of 0 – 0.8 V at
different current densities of 0.2, 0.5, 1 and 2 A$g–1. EIS
measurements were carried out in the frequency range of
105 to 0.01 Hz with an alternate current amplitude of 5 mV.

3 Results and discussion

3.1 Schematic diagram for the synthesis of PANI‒PPy/
wood

Wood is a good porous support material for the growth of
various guest substances. The abundant oxygen-containing
functional groups (such as hydroxyl groups and carboxyl
groups) on its surface have the ability to fix ions and small
molecules and guide their in situ growth or polymerization.
In this paper, based on this strategy, we used wood as host
material; through a facile liquid polymerization approach,
the PANI and PPy nanoparticles were successively
deposited onto the surface of the wood matrix, resulting
in the generation of a self-supported ternary composite,
i.e., PANI‒PPy/wood (Fig. 1).

Fig. 1 Schematic diagram for the synthesis of PANI–PPy/wood
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3.2 Micromorphology and elemental analysis

The micromorphology changes in the wood support before
and after the deposition of PANI and PPy were studied by
SEM observations. The structure of wood is presented in
Fig. 2(a), where wood vessels can be clearly identified.
After the deposition of PANI and PPy, the characteristic
structure of wood disappeared; instead, a large number of
nano-scale particles appeared on the surface of the wood
support (Fig. 2(b)). Based on the higher-magnification
SEM image in Fig. 2(c), we found that these nanoparticles
have a size of ~20 nm. The tight connection of these
particles is expected to improve the structural stability of
the composite during the charge–discharge process. Also,
this connection may be beneficial for the transport of
electrons. The elemental compositions of the wood and
PANI‒PPy/wood were investigated by EDX analysis. As
seen in Fig. 2(d), the elements including C, O and Au were
detected in the wood. The Au element in particular came
from the coating layer used for electric conduction during
the SEM observation. For the PANI–PPy/wood, a new N
element signal was detected derived from the PANI and
PPy and a Cl signal derived from the reactants (FeCl3 or
and HCl).

3.3 FTIR analysis

The chemical composition of the wood support and
PANI–PPy/wood were studied by FTIR analysis. As seen

in Fig. 3, for the wood support, the wide band at 2990–
3720 cm–1 is attributed to the O–H stretching of polymeric
compounds, while the bands at 2920 and 2857 cm–1 are
derived from the alkane C–H asymmetric and symmetric
stretching vibrations[22], respectively. The band at
1734 cm–1 belongs to the C = O stretching in unconjugated
ketone, carbonyl and aliphatic groups (xylan) and the
strong band at 1641 cm–1 is due to the bending mode of the
absorbed water[23]. The bands at 1420, 1163 and 1066 cm‒1

are attributed to the cellulose structure, correspond to the
CH2 symmetric bending, C–O antisymmetric stretching
and C–O–C pyranose ring skeletal vibration[24], respec-
tively. The band at 1261 cm–1 originates from the C–O
symmetric stretching.
For PANI–PPy/wood, the band position of the O–H

stretching moves to the lower wavenumber from
3441 cm–1 compared to 3423 cm–1 in wood, possibly due
to the interaction between the oxygen-containing groups of
wood and the nitrogen composition of PANI–PPy. The
strong interaction between them helps to enhance the
adhesion effect of active materials on the wood, possibly
contributing to the strengthening of electrochemical
stability. The bands at 1541 cm–1 and 1458 cm–1 may be
assigned to the C–C and C–N stretching vibrations in the
pyrrole ring, respectively. In addition, the bands at
1031 cm–1 and 774 cm–1 are due to the N–H in-plane
vibration of the PPy ring and C–H out-of-plane ring
deformation[25], respectively. Additionally, the C–H
stretching vibration of aromatic conjugation of PANI

Fig. 2 SEM images of the wood support (a) and PANI–PPy/wood (b, c); (d) EDX patterns of the wood support and PANI–PPy/wood.
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displays adsorption bands at 1375 cm–1 and 1163 cm–1[26].
Moreover, the band at 1298 cm–1 arises from the C–N
in-plane ring bending mode of PANI. The results of FTIR
analysis thus suggest the successful synthesis of PANI and
PPy on the surface of the wood host.

3.4 Electrochemical analysis

The PANI–PPy/wood can serve as a free-standing
electrode and its electrochemical properties were studied
by CV, GCD and EIS in a three-electrode system, using a
1 mol$L–1 HCl aqueous solution. The CV curves of the
PANI–PPy/wood electrode at different scan rates are
displayed in Fig. 4. At scan rates of 5 and 10 mV$s–1,
the CV plots display quasi-rectangular shapes, whereas
when the scan rate reached 20 mV$s–1 and above, the CV
curves became shuttle-like in shape, which can possibly be
attributed to the slower entering/ejecting and diffusion
rates of counterions compared to the transfer rate of
electrons in the electrode at the high scan rates[11].
According to the GCD traces (Fig. 5) at different current

densities, the obvious curvature reflects the process of a

faradic reaction. In addition, during the charging and
discharging step, the charge curves of the PANI–PPy/wood
electrode are almost symmetric to their corresponding
discharge counterparts, suggesting good capacitive beha-
vior and highly reversible electrochemical reactions.
Moreover, GCD is a conventional method to calculate
the capacitance value of supercapacitor electrodes. The
gravimetric (Cm, F$g

–1) specific capacitances were calcu-
lated from these GCD curves at different current densities
based on the following equations[27]:

Cm ¼ IΔt=mΔV (1)

where I (A) is the discharge current, Dt (s) is the discharge
time, m (g) is the mass of active materials (the areal density
of PANI–PPy on the electrode is ca. 10 mg$cm–2) and DV
(V) is the operation discharge voltage window. The result
displays that the PANI–PPy/wood electrode achieves the
highest value of 360 F$g–1 at 0.2 A$g–1, which is higher
than that of some congeneric products in the literature,
such as core-sheath structured bacterial cellulose/poly-
pyrrole nanocomposites (316 F$g–1 at 0.2 A$g–1)[28],

Fig. 3 FTIR spectra of the wood support and PANI–PPy/wood

Fig. 4 CV curves of the PANI–PPy/wood electrode at different scan rates
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bacterial cellulose nanofiber-supported polyaniline nano-
composites (273 F$g–1 at 0.2 A$g–1)[29] and PANI/wood
(280 F$g–1 at 0.2 A$g–1)[21]. With the increase of current
densities from 0.5 to 2.0 A$g–1, the specific capacitance
value decreased to 259, 180 and 77 F$g–1, as shown in
Fig. 6. The decline is associated with the low utilization of
electroactive materials at high discharge current densities
since the electrolyte ions cannot enter into the inner
structure of the active material, and only the outer active
surface was utilized for charge storage[30].
EIS was conducted to evaluate the charge transfer and

electrolyte diffusion in the electrode/electrolyte interface.
Figure 7 shows the Nyquist plot for the PANI–PPy/wood
electrode. As illustrated, the curve has a characteristic
semicircle over the high frequency range, a 45° Warburg
region, and a linear pure capacitor part in the low
frequency region. In the high-frequency region, the
intersection of the semicircle with the real axis reveals
the solution resistance value (i.e., 1.1 W), indicative of a
high electrical conductivity of the electrolyte. The diameter
of the semicircle represents the charge transport resistance
(ca. 6.6 W). In the medium-frequency region, the projected

length of the 45° Warburg region on the real impedance
axis characterizes the ion penetration process. This short
Warburg length indicates a short ion-diffusion path. In the
low frequency region, the slope of the linear part is low,
suggesting a diffusion-controlled behavior[31].

4 Conclusions

The electrochemically active substances, PANI and PPy,
were deposited in sequence onto the surface of a wood
support using a liquid-phase polymerization method. The
PANI–PPy mixed particles have a diameter of around
20 nm according to SEM observations. EDX and FTIR
analysis also reflects the characteristics of both PANI and
PPy compositions and demonstrates their successful
synthesis on the wood surface. Furthermore, this self-
supported PANI–PPy/wood composite has the ability to
serve as a free-standing electrode, which shows a high
gravimetric specific capacitance of 360 F$g–1 at 0.2 A$g–1

superior to some congeneric products.

Fig. 5 GCD curves of the PANI‒PPy/wood electrode at different current densities

Fig. 6 Gravimetric specific capacitances of the PANI–PPy/wood electrode at different current densities
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