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ABSTRACT

Composite electrode material composed of MnO, nanowires and wood-derived activated
carbon hollow fibres (Mn@ACHFs) was successfully fabricated by in situ hydrothermal method.
In this work, MnO, nanowires were developed by adjusting the mass ratio of potassium
permanganate and wood activated carbon hollow fibres (ACHF). The ACHF with hierarchical
porous structure served not only as the support for the growth of MnO, particles, but also as
the electric double layer capacitance for the composite electrode. The Mn@ACHTFs exhibited an
outstanding specific capacitance of 420 Fg-l at 1 A-g'l and cycle stability with 99.7% capacitance
retention after 5000 cycles at 5 A-g'l. Electrochemical characteristics of the prepared composites
are attributed to the synergetic effect of the double layer capacitance of the hierarchical porous
ACHEF and the layered structure of MnO,, which can efficiently enhance the conductivity and
stability of the electrodes.
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INTRODUCTION

The conversion of agricultural and forestry resources into carbon-based new energy materials
is an important strategy that can add value to cellulose, hemicellulose and lignin in biomass
components and enable their efficient utilization (Pandolfo et al. 2006, Duan et al. 2017).
Recently, biomass-derived carbons have much more strengths such as abundant, sustainable
and low-cost source, which are usually the wastes from natural source, such as wood processing
wastes (Liu et al. 2013, Doczekalska et al. 2017, Ho et al. 2018, Li et al. 2013, 2018, 2019).
Additionally, more and more wood-based carbon materials became the potential applications
using as supercapacitor processing components in portable devices and electric vehicles, due to
high surface area, good electrical conductivity and excellent physicochemical stability (Li et al.
1998, Bhattacharjya et al. 2014, Chen et al. 2017).

However, previous studies showed that wood carbon materials exhibited moderate capacitive
performance (Ma et al. 2018, Ma et al. 2019). Therefore, a large amount of research has been
devoted to maximally improving the low specific capacitance of biomassed carbon materials by
adding heteroatoms (Peng et al. 2016) or transition metal oxides (TMO) (Nagaraju et al. 2017,
Jiang etal. 2018). TMO has the favorable capacitive characteristics and environmental friendliness
(Augustyn et al. 2014). Moreover, it can also introduce considerable the pseudocapacitance for
the composite electrode, which effectively improving the specific capacity and conductivity of the
electrode. Among TMO, manganese dioxide (MnO,) is a promising tantalum capacitor material
for supercapacitors and is expected to improve the capacitive performance of wood-based carbon
materials due to the high theoretical capacity, low cost, non-toxicity and environmental protection
(Chinnappan et al. 2017).

In this work, composite electrode material composed of MnO, nanowires and wood-derived
activated carbon hollow fibres (Mn@ACHTFs) was successfully synthesized by liquefaction,
melt spinning, steam activation methods and in situ composite hydrothermal method. The
morphology, microstructure, pore texture and surface area of the Mn@ACHFs were investigated
in detail. Moreover, the electrochemical performances of the composites were determined by
constant current charge-discharge, cyclic vohammetry and AC impedance, respectively. This
work demonstrates an avenue for the design of economic and sustainable energy storage materials
from forestry and agricultural wastes.

MATERIAL AND METHODS

Wood waste (sawdust) was obtained from Tianjin Nanyang furniture Co. Ltd (China). Prior
to use, sawdust were air dried, ground in high-speed rotary cutting mill, and then screened to
give the particle size of 0.2 < Dp < 0.8 mm. Phenol, hexamethylenetetramine, formaldehyde
(CH,0, 37 wt%), hydrochloric acid (HCI, 37 wt%), phosphoric acid (H;POy, 37 wt%), methanol
(CH;0H, 99 wt%) were purchased Tianjin Jinghong Chemical Reagent (China).

Wood-derived activated carbon hollow fibres (ACHF) were prepared according the previous
reports (Ma et al. 2019, Ma et al. 2018). A mixture composed of dried wood powder and phenol
at a mass ratio of 1 : 6 was liquefied for 2.5 h at 160°C with 8% phosphoric acid (based on the
mass ratio of phenol). The as-prepared liquefied wood was placed into a reaction tube with 5%
hexamethylenetetramine (based on the mass ratio of liquefied wood) as the synthetic material.
The mixture was heated from room temperature to 130°C in 40 min to prepare the spinning
solution. The spinning solution was placed into a spinning machine, and the initial fibers were
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prepared by melt-spinning. The spun filaments were half-cured by soaking in an acid solution
CH,O and HCI (1:1 by volume) as main components at 95°C for 5 h, washed with distilled
water and finally dried at 90°C for 45 min to obtain the half-cured fibers. Subsequently, the
half-cured fibers were immersed into 18.5% methanol solution at 50°C for 0.5 h, washed with
distilled water and dried to obtain the hollow half-cured fibers. Then, the hollow fiber samples
(HFs) were obtained after the second curing, washed with distilled water and dried at 90°C for
40 min. The as-prepared HFs was activated in a tubular furnace with a temperature program
from room temperature to 800°C using a heating rate of 5 °C-min under N, (200 cm3-min),
held isothermally for 40 min under a steam flow of 8 g'min-1, and then cooled to room temperature
to obtain the ACHF.

Mn@ACHFs were prepared by a facile one-step hydrothermal reaction method. 0.8 g of
KMnO, was dissolved in 100 mL of deionized water, and then added some ACHFs at 80°C for
6h. After washing several times with deionized water and absolute ethanol, the samples were dried
at 80°C for 12h to obtain the Mn@ACHFs. According to the mass ratio of KMnO, and ACHFs
(10:100, 40:100, 70:100, 100:100, 130:100), the prepared composites were named as 10Mn@
ACHF, 40Mn@ACHF, 70Mn@ACHF, 100Mn@ACHF and 130Mn@ACHEF, respectively.

The morphology and energy dispersive spectroscopy (EDS) mapping were obtained by
scanning electron microscopy (SEM, NanoSEM430). The N, adsorption—desorption isotherms,
the surface area and the porosity of the samples were obtained at 77 K using an ASAP 2020
automatic apparatus (Micromeritics Instrument Co., Norcross, GA, USA).

Electrochemical measurements were carried out on an electrochemical workstation (Autolab
PGSTAT 302N, Metrohm, Netherlands) using 6 mol-L-1 KOH as electrolyte under a three-
electrode system at room temperature. To fabricate the working electrode, Mn@ACHFs
composite, carbon black, and polytetrafluoroethylene (PTFE) binder were mixed with the
weighting ratio of 70:15:15, then compressed onto a nickel foam followed by drying at 80°C for
12 h. Finally, the as-prepared electrode plate was further compressed under 10 MPa to get the
Mn@ACHFs composite-working electrode.

The working electrodes have been prepared by mixing 70 wt% active electrode material
(Mn@ACHFs), 15 wt% carbon black and 15 wt% PTFE binder together until to become the
viscous slurry, then compressed onto a nickel foam followed by drying at 80°C for 12 h. Finally,
the as-prepared electrode plate was further compressed under 10 MPa to get the Mn@ACHFs
composite-working electrode. The cyclic voltammetry (CV) tests were measured from -1 to 0 V
with scan varied rates of 5 - 100 m'V'sL. Electrochemical impedance spectroscopy (EIS) tests
were measured from 10 mHz to 100 kHz at the open circuit potential. The galvanostatic charge-
discharge measurement of MnO,@ACHTFs electrodes was measured in the potential range from
0 to 1V at current densities of 1, 2, 3, 5, 10 and 15 A-g'l. The specific capacitance (Cg) was
calculated from the galvanstatic charge-discharge (GCD) values according to the Eq. (1):

Cy=TAt/mAV (Fg) ey

where: I (A), AV (V) and A# (s) is discharge current, voltage and time, resp.
m (g) corresponds to the weight of active material on the nickel foam.

The symmetric supercapacitors were assembled with two equal-power electrodes using
non-woven polypropylene mat as separator, and evaluated in 6M KOH. The C'g was calculated
according to the Eq. (2):

Cg=4-IAt/m-AV (Fg?) 2)
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where:  I(A), AV (V), m (g) and Az (s) are described as in Eq. (1).

RESULTS AND DISCUSSION

Fig. 1 shows the morphology and of all samples. The surface morphology of Mn@ACHTFs
gradually changed with the increase of manganese loading. Initially, a small amount of MnO,
nanowires and the grain particles with a diameter of approximately 50 nm were generated
(Fig. 1a). Then, these grains were completely transformed into MnO, nanowires with the
diameter of dozens of nanometres and length of hundreds of nanometres after the increase in
the reactant proportion (Fig. 1b). The nanowires generated on the surface of 70Mn@ACHF are
radially cross-linked and wound to form an accessible porous structure with wider ionic diffusion
tunnels that is highly favourable for the rapid insertion/extraction of electrolyte ions (Jian
et al. 2017, Ma et al. 2019). However, flower-sphere-like MnO, nanowires were generated on
the surface of the ACHF after a further increase in the proportion of the reactants (Fig. 1c-d).
Excessive accumulation is not conducive to the transport of electrolyte ions, and also covers the
surface pores of ACHF. EDX spectrum analysis also indicated that some heteroatoms N, P and
O were well-distributed in various samples (Fig. le-i), which is derived from chemical substances
such as hexamethylenetetramine and phosphoric acid during wood liquefaction.

Fig1: SEM images of Mn@ACHFs: a) 10Mn@ACHF, b)70Mn@ACHF, ¢) 100Mn@ACHF,
d) section SEM images of 100Mn@ACHF, e-i) the EDX spectra of 70Mn@ACHF.

Fig. 2 shows the N, adsorption/desorption isotherms of all samples. The isotherm of ACHF
is type I according to the IUPAC classification. As can be seen from Fig. 2, the adsorption
capacity of Mn@ACHTFs is lower than the ACHFE, because of MnO, covering the surface of
ACHFs, blocking the majority of the pores. With MnO, content increasing, the isotherms
of Mn@ACHFs have a glacis knee and the slope of the plateau increases due to multilayer
adsorption (Fig. 2a). The widely opened knees and the slight hysteresis loops indicate the
presence of a considerable amount of small mesopores in Mn@ACHFs, which is due to the
reaction between KMnO, and C increases the number of micropores and when the amount of the
reactants increases, the micropores are further eroded by the reactants to form more mesopores.
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The increase in the number of the mesopores is favourable for the dispersion of the electrolyte
ions. The pore size distribution exhibits sharp peaks at ~2.5 nm (Fig. 2b), which illustrates the
narrow pore size distribution in composite electrode materials, resulting in better electrochemical

performance (Wang et al. 2018).
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Fig. 2: Nitrogen adsorption-desorption isotherms (a) and pore size distribution curves, (b) for Mn@
ACHFs.

The electrochemical properties of the Mn@ACHFs were tested in a 6 M KOH solution in
a three-electrode system. The comparative cyclic voltammetry (CV) curves of Mn@ACHFs at
a constant scan rate of 10 mV's™1 and the GCD curves of the samples at 1 A-g”l show that the
CV curve area and specific capacitance of 70Mn@ACHF are clearly greater than those of the
other samples, indicating the enhancement in the capacitance and acceleration of ion transport
(Fig. 3a,b). The electrochemical performance decreased with the overloading of MnO, due
to the flower-sphere-like MnO, nanowires generated on the surface of the ACHF blocking
electrolyte ion insertion/extraction, and due to the overloaded of MnO, completely covering
the pores on the ACHF surface. Moreover, a large number of cavities were formed by the radial
growth and cross-linking of the MnO, nanowires on the ACHF, enhancing the ion diffusion
into the MnO, layer. Thus, the synergistic effects of the high specific pseudo-capacitance of the
MnO, nanowires layer and highly conductive ACHF give rise to high capacitor performance.
As shown in Fig. 3¢, the CV curves of the 70Mn@ACHF is quasi-rectangular shape with
one redox peaks with the increasing of the scan rate from 10 to 500 mV'sl, indicating that the
capacitance consisted of electrochemical double-layer capacitance and pseudocapacitance. GCD
curves of 70Mn@ACHF at different current densities are shaped like arc lines, which are due to
the reversible pseudfaradaic reactions (Fig. 3d). Among all of the electrodes, 70Mn@ACHF has
the highest specific capacitance that reaches 420 Fg1 at 1 A-g! (Fig. 3¢), which is competitive
with those of the recently reported supercapacitors fabricated on carbon fibres (Ko et al. 2018, Ye
etal. 2017, Sun et al. 2017). Moreover, the specific capacitance of 70Mn@ACHF was higher than
that of the other samples for all of the various current densities. Considering its superior well-
developed porous structure and good conductivity, it is concluded 70Mn@ACHTF has the most
remarkable electrochemical properties compared to the other prepared carbon materials. Notably,
slight humps were observed at approximately -0.3 V in the CV curves of ACHF due to the redox
reactions of the N, P and O heteroatoms.

741



WOOD RESEARCH

a) (b) (©)
( 3t 200 80
=2 g 3 = 60
w?[ Fo2 40
<1} = -
T < —— 130Ma@ACHF] z 20
B L 1 3
Z = £ !
4t 306 =20
E] £
g s 240
E2 ] £
& Z.08 = 60
3l =—acHF —moveaacr| = “ 0 —1omy st
—— 10Mn@ ACHF —— 100Mn@ ACHH 10 1 =—somv sl 100 mv 571
4  A0M@ACHF —— 130V ACHH : o0 —— 200 mV 5 ——s00 my 571
40 08 06 04 02 00 -400-300-200-100 0 100 200 300 400 AN T 08 04 02 00
Potential (V) Capacitance (F g™') Potential (V)
(d) (e) ® .
- 0.0 —— ACHF v TOMni ACHF
g 35 —— 1OMB@ACHF —v— 100Mni ACHF
é& '," 40Mn@ACHF —— 130Mn@ ACHF
g0z 409 & 30
Z 350 % 5 10
£ 04 f§g‘3 £ Z o8
& a9 S
5 w § s o.6f
£06 10 8 j15
£ Snun & 0.4
s 5 10
= .08 g, | 02
%, 5
1.0 @ 0 "‘1.@ 02 04 06 08 10

0 5 10 15 20 25 30 35 40

] 200 400 600 80O
™ Z' (Ohm)

ime (s}
Fig. 3: Electrochemical measurements of Mn@ACHFs performed in a three-electrode system in
6 M KOH: (a) CV curves at 10 mV s71; (b) GCD curves at 1 A g'; (c) CV curves of 70Mn@ACHF
at different scan rates; (d) GCD curves of 70Mn@ACHF at different current densities; (e) Specific
capacitance at different current densities; (f) Nyquist plots (inset: magnified figure of the arc part).

EIS data were measured to examine the frequency response characteristics of the electrodes,
and the obtained Nyquist plots are shown in Fig. 3f. The vertical lines revealed the outstanding
double-layer capacitance properties of Mn@ACHFs due to the rapid ion diffusion in the
materials’ internal structure (Demir et al. 2018). Clearly, the slope of 70Mn@ACHF is higher
than that of the ACHF, which means that the 70Mn@ACHF has lower diffusive resistance and
faster ion transport than ACHF; this is due to the cross-linked and intertwined homogeneous
porous structure of manganese dioxide on the ACHF surface. The ohmic resistance (Rs) values of
0.55, 0.41, 0.47, 0.39, 0.40 and 0.58 Q) are obtained for ACHF, 10Mn@ACHF, 40Mn@ACHF,
70Mn@ACHF, 100Mn@ACHF and 130Mn@ACHF, respectively. Obviously, the small RS
values for 70Mn@ACHTF is most likely due to its excellent conductivity (Ho et al. 2018). With
the exception of 130Mn@ACHEF, the Rs values of the other samples are lower than that of ACHF
implying good synergy between MnO, and ACHF. A semicircular part of the Mn@ACHFs
spectra display increasingly higher charge transfer resistance values as the manganese dioxide
loading increased, which is attributed to the low conductivity of manganese dioxide.
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Fig. 4: Electrochemical measurements of 70Mn@ACHEF in a two-electrode system in 6 M KOH:
(a) CV curves at different scan rates; (5) GCD curves at different current densities; (c) cycling stability in
a symmetric supercapacitor at 5 A.g1 over 5000 cycles; (d) schematic diagram of button battery structure.

A two-electrode symmetric supercapacitor was measured in 6 M KOH in order to further
study the cycle life of Mn@ACHTFs samples used for electrochemical energy storage (Fig. 4a). The
almost symmetric and rectangular shaped CV curves and the symmetrical triangular-like GCD
curves reveal its ideal electrochemical performance (Fig. 4b-c). The 70Mn@ACHF displays
a specific capacitance (338 Fg1) at 1 A-g’l, and even after more than 5000 cycles (Fig. 4d), the
capacitance retention is still as high as 99.7%, revealing the excellent long-term electrochemical
cycling stability.

CONCLUSIONS

A series of Mn@ACHFs samples were prepared from wood waste by liquefaction, melt
spinning, steam activation methods and an in situ hydrothermal method. The electrochemical
of the composites are related to the phase content of MnO,, surface area, pore size and their
distributions. The 70Mn@ACHF sample exhibited a high capacitance (420 Fg?l at 1 A-gl
current densities) in the 6 M KOH solution. Overall, it is concluded that sustainable biomass-
derived carbon fibres from forestry and agricultural residues are promising candidates for use as
electrochemical energy storage materials. The synergetic effect of the layer structured MnO, and
the hierarchical porous ACHF from wood waste efficiently enhance the conductivity and stability
of the electrodes.
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