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Abstract Waste wood-dust of Dalbergia sisoo (Sisau) is presented, as a novel, low-cost, renewable,
and sustainable source of agro-waste for the production of a highly porous activated carbon elec-
trodes (Ds-electrodes) for supercapacitor. Ds-electrode was initially tested as supercapacitor elec-
trode, which showed a lesser specific capacitance of 104.4 Fg~'. Therefore, hybrid-composite-
electrodes (HCEs) were fabricated by adopting the nanostructured ‘“manganese IV oxide
(MnOy)-activated carbon (Ds) composite” in various ratios as the core electrode materials. The
HCEs was prepared via a simple facile mechanical mixing method and polyvinylidine fluoride
(PVDF) polymeric solution was used as the electrode material binder. The experimental results
showed that the 1:1 Ds: MnO, composite displayed highest specific capacitance of 300.2 Fg~',
capacity retention of 96.3 % after 1000 cycles, 16.3 WhKg~" of specific energy density at power den-
sity of 148.2 WKg~! and low equivalent series resistance (ESR) value of 0.41 Q at equivalent (1:1,
Ds:MnQ,) loading of MnO, to Ds. It is clear that the equivalent (1:1) concentration of MnO, has
improved the capacitive performance of the composite via pseudocapacitance charge storage mech-
anism as well as the enhancement on the specific surface area of the electrode. However, further
increasing of the MnO, content (1:2, Ds:MnQ,) in the electrode was found to distort the capacitive
performances and deteriorate the specific surface area of the electrode, mainly due to the aggrega-
tion of the MnO, particles within the composite.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, the excessive consumption of traditional energy

E-mail address: shresthadibyashree(@ gmail.com sources such as coal, oil, and natural gas, have caused a global
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ecological environment that endangers human survival (Sun
etal., 2015; Seh et al., 2017). To cope with the growing demand
and supply of energy storage, there is an immediate necessity of
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development of new electrochemical energy storage (EES)
devices which are renewable, efficient, reliable and cost-
effective because of their advantages of providing high energy
and high power density instantly (Ndiaye et al., 2018).

Among different kinds of EES devices, supercapacitors
(SCs) have the characteristics of a long cycling life or capacity
retention with greater capacitance than conventional
capacitors/lithium-ion batteries (Yu et al., 2019), and have
broad application prospects in many fields like in portable
electronics, data back-up, hybrid electric vehicles, aerospace,
and other fields owing to its simple structure, high power den-
sity, fast charging, and pollution-free effects in the production
process (Dai et al., 2018).

Generally, SCs can be classified into two types: electric dou-
ble layer capacitors (EDLCs) and pseudocapacitors (Lee et al.,
2012; Yang and Park, 2018). The capacitance of EDLCs mainly
depends on the adsorption of anions and cations on or near the
electrode/electrolyte interface, which is mainly related to the
surface area of the electrode materials. Porous carbon, such
as activated carbon (Yaglikci et al., 2020; Huang et al., 2019),
carbon nanotubes (Zhang et al., 2017; Liu et al., 2019), carbon
nanofibers (Chang et al., 2019; Yang et al., 2019) and graphene
(Ke and Wang, 2016; Li et al., 2016), is a commonly used elec-
trode material for EDLCs. Porous carbon materials are the best
suited material for achieving a high capacitance, since they
combine high electric conductivity, chemical and physical sta-
bility (Zhu et al., 2016). Many carbons possess naturally occur-
ring surface quinones (Selvakumar et al., 2010). However to
increase their capacitance, the type and extending of quinone
functionalization can be optimized by “activated” carbon,
which increases surface area of carbon (Ren et al., 2016). This
kind of carbon material has a high specific surface area and
good conductivity, which can improve higher specific capaci-
tance. Although graphene and carbon nanotubes have better
conductivity and surface area than other carbons, activated
carbons has become an ideal electrode material for EDLCs,
and is used on a large scale for commercialized supercapacitors
due to its easy processing and lower cost, adjustable surface
area, relatively inert electrochemical properties, adjustable
porosity and electrocatalytically active sites for reactions
(Liang and Xin, 2015). However, relatively low capacitance,
energy density (<10 Whkg™'), power density and capacity
retention (cyclic stability) are the major drawbacks of such car-
bon materials (Shrestha et al., 2019; Salinas-Torres et al., 2019;
Brousse et al., 2000).

In order to solve these problems, there have been tremen-
dous efforts on improving the performances of AC material
by manipulating the pore characteristics and surface area
(Gonzalez-Serrano et al., 2004; Xie et al., 2020). It has been
found that physical activation leads to a more concentrated
pore size distribution, while chemical activation can increase
the bulk density and thus increase the adsorption capacity
(Liang and Xin, 2015; Sing and Verma, 2015). In addition,
there is a continued effort to combine the carbon material with
metal oxide or a conductive polymer to enhance the capaci-
tance performance through the synergistic effect of EDLC
and the pseudocapacitors (Li et al., 2019). A composite of
NiO with activated carbon was found to give a specific capac-
itance of 214.48 Fg~' at 40 mAg ' ina I M KOH aqueous solu-
tion (Cao et al., 2016). Similarly, addition of MnO, to activated
carbon nanotube resulted in enhancing specific capacitance of
90.5 Fg~! (Kim et al., 2013). Recently, there has been a focus

on 2D metal carbides and nitrides (MXenes) as a very promis-
ing supercapacitor material (Sarkar et al., 2015; Lufrano and
Staiti, 2010; Zequine et al., 2017; Cao et al., 2017).

From the above discussion, it is clear that the major research
focus on supercapacitor electrode material is on obtaining high
surface area activated carbon from renewable source. Wood
dust material is one of the most economical and
environmentally-friendly materials showing better electro-
chemical performance (Xie et al., 2018). More importantly,
the effective use of bio-mass resources has become a hot topic
because bio-mass resources are available in large quantities
every year (Zhao et al, 2019). In our previous study
(Shrestha, 2021), agro-waste of Dalbergia Sisoo from local car-
pentry was found to be the good adsorbent with large active
surface area of 1376 m?g~! and abundance of mesoporosity
having pore size 4.06 nm and pore volume of 1.2 cm®g~". This
was achieved by optimized condition of chemical activation by
85% H;PO,in the ratio 1:1 of precursor to activating agent and
carbonization at 400 °C. This motivated us to apply Dalbergia
Sisoo as a material for supercapacitor electrode. Therefore,
activated carbon from agro-waste of Dalbergia Sisoo can be
considered as a promising electrode materials for supercapaci-
tors in combination with transition metal oxides (RuO,, MnOsy,
Fe,0; etc.) (Gomez and Kalu, 2013), to obtain a hybrid capac-
itor composed of EDLC and pseudocapacitor.

Among the pseudo-capacitive materials, manganese dioxide
(MnO,) is the most promising one due to its high theoretical
specific capacitance (1370 Fg~'), wide potential window, rich
reserves, and being environmentally-friendly and cost effec-
tiveness (Gomez and Kalu, 2013). Anchoring MnO, on carbon
substrates such as activated carbon derived from wood leads to
development of intercalation and de-intercalation sites on
MnO,. The redox conversion of Mn between (III) to (IV)
oxidation states enhances the capacity by favoring faradaic
capacitance (Qu et al., 2015).

The reported mechanism of intercalation is commonly
written as (Li et al., 2011).

MnO, + K* + ¢~ «<-MnOOK . (1)

(Mnoz) surface + K+ + e <_>(Mn()2' K+) surface (2)

Equation (2) represents the surface adsorption of (K ) on
Ml’l02.

In hindsight, MnO, has poor conductivity. Therefore, its
poor conductivity is overcome by compositing with carbona-
ceous materials (Ilona et al., 2014) which also enhances
electro-active surface area.

In this study, we explored the nano-structured AC prepared
from Dalbergia Sisoo and a hybrid composite with MnO, as a
core electrode material for supercapacitor via simple facile
mechanical mixing method. Wood dust of Dalbergia sisoo
was used as a whole alternative green source for electrode fab-
rication for high performance supercapacitors.

2. Experimental sections
2.1. Chemicals and reagents

In this study, analytical grade chemicals and reagents were
used without further treatment. Ortho phosphoric acid (85%
H3;PO,4) has been purchased from Fischer Scientific, India
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and was used as an activating agent. Carbon black (conduc-
tor), polyvinlidine fluoride (PVDF) [-(C,H,F,)-] (binder) and
N-Methyl-2-pyrolidone (NMP) (CsHoNO) (dispersing agent)
for the fabrication of electrode were obtained from Sigma-
Aldrich (USA), manganese dioxide used for making hybrid
composite was obtained from Wako Pure Chemical Industries
Ltd. The highly porous, corrosion unaffected and excellent
electrical conductor Ni-foam was obtained from PRED
MATERIALS, International, USA. Ni-foam was used as elec-
trode substrate and current collector. An electrochemical cell
was performed in potassium hydroxide (KOH) electrolyte
which was purchased from Ajax Finechem, Thermo Fisher Sci-
entific. Wood-dust and splinters of Dalbergia sisoo (Sisau) was
collected from indigenous carpentry, Kathmandu, Nepal.
Double-distilled water has been used throughout the
experiment.

2.2. Preparation of AC

Sawdust dust and splinters of Dalbergia sisoo were sun-dried
for a few days. Then a few preliminary steps have been done,
such as crushing, grinding and sieving. A sieve size of 150 um
was used to get a homogenous particle size of wood dust,
which was used as precursor for the preparation of AC
through activation followed by carbonization.

The activation and carbonization procedures are already
reported in our previous study (Shrestha, 2021). In brief, the
mixture of precursor/wood dust and H3PO, in the ratio 1:1
(w/w) was left for overnight at room temperature for proper
soaking. This impregnated sample was evaporated to dry at
110 °C for 2 h in an oven followed by carbonization at
400 °C for 3 h under the continuous N, flow of 100 mLmin ™"
in a horizontal electric tubular furnace. The carbonized sam-
ples were cooled, washed with hot distilled water, dried at
110 °C, grinded and used for advanced physical and electro-
chemical characterizations (Shrestha, 2021). It was named as
activated carbon Ds.

2.3. Preparation of electrode-materials and fabrication of
electrodes

At first, Ni-foam was taken and cut into small pieces having a
size of 5 cm x 1 cm, which was rectangular in shape. It was
then used as electrode substrate.

1 mg
Carbon
black

Mortar

Fig. 1

2.4. Preparation of Ds-electrode-material and fabrication of Ds-
electrode

Ds-electrode-material was prepared by grinding a mixture of
8 mg of as prepared Ds powder, 1 mg of carbon black powder
and 1 mg of PDVF in a mortar. Then 200 uL. NMP solution
was added to the mixture in order to disperse PDVF. The mix-
ture was again grinded thoroughly and thus paste of electrode
material was prepared. Then about 70 pL of paste was applied
on rectangular shaped Ni-foam by covering only 1 cm? area of
it as shown in Fig. 1.

As fabricated Ds-electrode was dried in an oven at 70 °C
for overnight. Then electrical contact of the electrode was
made through a cu-wire.

In the similar way, hybrid-composite-electrodes (Ds:
MnO,)-HCE:s (1:1, 1:2 and 2:1) and MnO,-electrode have been
prepared. The details of amounts of components used for the
fabrication of electrodes are shown in Table. 1.

As fabricated electrodes, namely; Ds-electrode, all three
hybrid-composite-electrodes (1:1, 2:1 and 1:2 HCEs) and
MnO,-electrode were then pressed individually at 10 kPa pres-
sure for a minute and soaked overnight in 6 M aqueous KOH
solution before electrochemical measurements. In this study,
aqueous electrolyte KOH is used, because it has been reported
that, such electrolyte can provide a higher ionic concentration
and lower resistance. Electrochemical energy storage device
like supercapacitors containing aqueous electrolyte may dis-
play higher capacitance and more power density than those
with organic electrolytes, probably due to higher ionic concen-
tration and smaller ionic radius. In addition, aqueous elec-
trolyte can be prepared and utilized without stringently
controlling the preparing processes and conditions (Wang
et al., 2012).

2.5. Physical characterization of as prepared activated carbon
(Ds)

As already been discussed in our published article (Shrestha,
2021), the as prepared activated carbon (Ds) was characterized
by different instrumental techniques such as Thermogravimet-
ric Analysis (TGA) / Differential Scanning Calorimetry (DSC)
for pyrolytic behavior of Ds; Fourier Transform Infrared
Spectroscopy (FTIR) analysis for surface functionality; X-
ray diffraction (XRD) analysis for phase study; Raman scat-

Ni-foam

Cu-wire
Slurry of
electrode
materials

Fabricated Ds-electrode

Fabrication of Ds-electrode.
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Table 1 The details of the amount of components for electrodes fabrication.

S.N. Electrodes Electrode materials
Ds (mg) MnO, (mg) C-black (mg) PVDF (mg) NMP (pL)
1 Ds 8 0 1 1 200
2 1:1 HCE 4 4 1 1 200
3 1:2 HCE 2.66 5.33 1 1 200
4 2:1 HCE 5.33 2.66 1 1 200
5 MnO, 0 8 1 1 200

tering for identifying defects; Scanning Electron Microscopy
(SEM) for surface morphology and Brunauer—-Emmett-Teller
(BET) for surface area and pore volume analysis. In addition
to those techniques, in this paper X-ray Photoelectron Spec-
troscopy (XPS) was performed for understanding /confirming
surface functionality by using a Thermo Fisher scientific, Mul-
tiLab 2000 with an Al K& source at 1.487 keV at 200 W.

2.6. Electrochemical characterizations

The electrochemical performances of as fabricated Ds-
electrode, hybrid-composite-electrodes (HCEs) and MnO,-
electrode were individually tested in electrolyte of 6 M KOH
aqueous solution, using 3 electrode experimental set up, con-
sisting of as fabricated Ds-electrode, HCEs and MnO,-
electrode separately as working electrode, Pt-plate as counter
electrode and Ag/AgCl as reference electrode. The cell was
connected to ‘“‘Metrohm Autolab (PGSTAT 302 N)
potentiostat/galvanostat” system to perform the experiment
under room temperature.

For the CV measurement a potential window of —1.0 to
—0.2 V was chosen. The varying scan rate of 2, 5, 10, 20, 50
and 100 mV s~! were used. The GCD testing was also
observed over the same potential window employing current
densities of 1, 2, 3, 5, 10, 15 and 20 Ag_l. From the GCD anal-
ysis, cyclic stability (% retention) was estimated. The fre-
quency range of 100 kHz to 0.1 Hz was used at the
perturbation signal of 10 mV for the EIS measurement. Nova
1.11 software was used for fitting EIS data (Shrestha and
Rajbhandari, 2021).

3. Results and discussion

3.1. Structural analysis of activated carbon (Ds)

As reported in our previous study (Shrestha, 2021), TGA/DSC
of the raw wood powder (Ds-R) showed completion of car-
bonization process at 400 °C. There was only nominal mass
change above 400 °C. In TG curve only a slight mass loss
was noticed at nearby 100 °C which was due to dehydration.
This was proved by a sharp peak of DSC curve at 100 °C.
Likewise, in TG curve, an unclear contracted peak was
observed at around 200-300 °C, whereas a small mass loss
was detected between 200 and 300 °C in DSC curve due to
breakdown of hemicellulose which was prominently completed
at 300-310 °C. But a prominent mass loss was seen between
300 and 400 °C in TG curves, which were confirmed by a sharp
depression at around 390 °C of DSC curve. Therefore it was
concluded that cellulose broke down at around 300 °C and

all cellulose got converted into organic volatile matters present
in raw wood powder. It revealed that, more than 60% of mass
got lost around 400 °C (Shrestha, 2021). The precursor mate-
rial became more stable beyond 400 °C. Therefore 400 °C was
considered to be a suitable temperature for carbonization pro-
cess in this study. FTIR spectra of activated Ds showed the
presence of well-defined oxygen containing functional groups
such as carboxylic, phenolic, lactonic and ether groups by
use of activating agent (H;PO,4). Oxygen Functional group is
an important subject in the study of electrochemical properties
of carbon materials- which widely improves-capacitance
behavior (Shrestha, 2021).

XRD pattern of activated Ds as reported in previous study
(Shrestha, 2021) showed broad peak at around 24 to 26, 20
degrees from (002) plane and also at around 43 to 45, 20
degrees from (100) plane indicating the amorphous nature
and graphitic crystallites of as prepared activated carbon Ds
(Shrestha, 2021). However, the XRD pattern of hybrid com-
posite of Ds:MnO, shows the diffraction peaks for B-MnO,
at 29, 37 and 56°corresponding to (110), (101) and (211)
planes. It shows the formation of homogenous composite
(Fig. 2).

The amorphous nature of activated Ds was further con-
firmed by Raman spectrum. The relative intensity ratio of G
band to D band was found to be more than 1, which indicates
the disordered carbon structure (Shrestha, 2021).

SEM micrographs of as prepared activated carbon Ds at
the magnification of x2.0 k, showing well-developed porous
morphology is illustrated in Fig. 3. Similar surface morphol-
ogy was reported in previous publication (Shrestha, 2021).

Ds
Ds:MnO,

1000 +

Intensity (a.u.)

JCPDS No. §24-0735
1

0 o v - T d T
10 20 30 40

20 (degree)

T
50 60 70

Fig. 2 XRD pattern of Ds and hybrid-composite of Ds:MnO,.
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Mini-SEM

Fig. 3 SEM image of Ds.

The BET specific surface area, pore size and pore volume of
Ds was found to be 1376 ngfl, 4.06 nm and 1.2 cmSg’l,
respectively (Shrestha, 2021). The high specific surface area,
small pore size and pore volume make activated Ds a promis-
ing material for this study.

3.2. X-ray photoelectron spectroscopy (XPS)

The survey XPS spectrum of activated Ds shows the presence
of oxygen, carbon and phosphorus in Ds as shown in Fig. 4(i).
The high resolution XPS spectra of C1 s shows a broad peak
which was deconvoluted into three peaks at binding energy
(BE) 283.3 ¢V for C-C which is of pure or unfuntionalized car-
bon, 284.4 eV for ether and alcohol (R-O-R/ -OH) and
287.3 eV for ketone and aldehyde (C=0/ -CHO) as shown
in Fig. 4(ii) (Pankaj et al., 2018; Kim et al., 2013). Similarly,
a broad peak at 532.3 eV for Ols could be seen in Fig. 4(iii),
indicating the presence of different chemical states of oxygen.
The three deconvoluted peaks for oxygen (Ols) are assigned
for phosphatic oxygen (PO3) at 531.2 eV, hydroxyl group (-
OH) at 533.0 eV and silicon dioxide (SiO,) at 533.1 eV. The
observation of broad peaks indicate the overlap of various
functional groups. From Fig. 4(ii) and (iii), it is confirmed that
Ds was finely functionalized after an activation with H3POy
and comprises of more acidic functional groups as aldehy-
des/ketones, ethers, hydroxides (Liang and Xin, 2015). The
results revealed that, breakdown of cellulose, hemicellulose
and lignin and cross linking of H;PO,4 as well and functional-
ization occurred as a consequence after carbonization and acti-
vation process (Liang and Xin, 2015). So, it is clear that there
is a presence of C and O in activated Ds.

Ds Cls )

- Ols

=

<

N’

)

~—

‘@

£
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~—

= | e
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l SurveySpectrum| L._._....A,.}:il_)_,_.,,\
900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)

Intensity (a.u.)
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Intensity (a.u.)

540 538 536 534 532 530 528 526

Binding Energy (eV)

Fig. 4 XPS spectra of Ds.
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3.3. Electrochemical characterization for supercapacitor
performance

3.3.1. Cyclic voltammetry (CV) study

Fig. 5 shows the cyclic voltammograms of Ds-electrode and its
hybrid composite with MnO, at different scan rates in 6 M
aqueous KOH electrolyte. In the case of Ds-electrode, the
curves are not ideal rectangular shape, however there is no
redox behavior visible in voltammogram. Therefore, it can
be taken as the characteristic of an electrical double layer
capacitor (EDLC). Interestingly, the shape of the CV curves
was retained even at higher scan rates. This behavior is
expected to enable easy and smooth transport of electrolyte
ions. Such a mechanism is in agreement with the results of car-
bonized bio-mass reported by other research groups (Shi et al.,
2014; Yu et al., 2011).

But, the addition of MnO, has affected both the potential
window and voltammogram. A potential window of —1.2 to
0 V gave higher current density compared to —1.0 to
—0.2 V. The shape of curves was retained in all the three
(1:1, 1:2 and 2:1)-HCEs with appearance of redox behavior
in the cathodic scan. It was noticeable that an increase in the
amount of MnO, has resulted in the decrease of current den-
sity. This may be due to the large value of bulk resistance of
MnO, (Puziy et al., 2002). Among all the electrodes, highest
current density was observed in 1:1 (Ds:MnO,)-HCE due to

combined effect of high surface area of Ds and optimum resis-
tance and redox behavior of MnO,.

3.3.2. Galvanostatic charge/discharge (GCD) studies

The electrochemical properties of all the electrodes were fur-
ther studied using galvanostatic charge/discharge (GCD) pro-
cess) as shown in Fig. 6.

The potential window for GCD was similar to the one used
in CV of respective electrodes. The charge/discharge curves of
Ds-electrode are straight line making triangular shape, which
confirmed the presence of EDLC behavior. It also hints to
the presence of low impurities and proper insertion of elec-
trolyte ions (Gomez and Kalu, 2013) inside the electrode mate-
rial. From the curve, the specific capacitance (Csg) of Ds-
electrode was found to be 104.4 Fg~! at 1 Ag™! using the for-
mula as shown in equation (3),

IAt
Cs=-— (3)

Where, Cs (Fg ') is the specific capacitance (from GCD), I
(A) is the current, m(g) is the mass of sample, AV(V) is the
potential window and At (s) is the time duration.

Galvanostatic charge/discharge (GCD) response of HCEs,
as shown in Fig. 6b-d, displayed nearly triangular shape at high
current density. However, a bending nature could be observed
at current density of 1 and 2 A g~!, which is similar to pseudo-
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(a) CV curves of Ds at potential windows (-1 to —0.2 V) and (b), (c) and (d) CV curves of 1:1-(Ds:MnQO,)-HCE, 2:1-(Ds:MnO,)-
HCE and 1:2-(Ds:MnQO,)-HCE at potential windows (—1.2 to 0 V).
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(a): GCD of Ds-electrode at potential window (-1 to —0.2 V) and (b), (c) and (d): GCD of 1:1-(Ds-MnO,)-HCE, 2:1-(Ds-MnO,)-
HCE and 1:2-(Ds-MnO,)-HCE at potential window (—1.2 to 0 V).

Table 2 Specific Capacitance from GCD at different Current Densities.

Current densities

Specific capacitance (Cs) (Fg™")

—1

ag)) Ds-electrode 1:1 21 12

1 104.4 300.1 266.3 250.2
2 80.4 97.5 1242 833
3 71.41 7.1 872 59.1
5 62.44 573 69.1 452
10 51.30 444 55.0 335
15 46.44 39.5 453 30.4
20 271 274 4.3 28.3

capacitor material (Puziy et al., 2002). It is mainly caused by
internal oxidation-reduction reaction occurred in MnQO,. Nev-
ertheless, the curve showed good symmetry, indicating good
charge—discharge reversibility of the hybrid composite. The
discharge time of 1:1- (Ds:MnQO,)-HCE, 1:2- (Ds:MnO,)-
HCE and 2:1-(Ds:MnO,)-HCE was found to be about 450 s,
350 s and 330 s, respectively. The specific capacitance calcu-
lated was found to be 300.1 Fg~! 266.3 Fg~! and 250.2
Fg~' for 1:1, 1:2 and 2:1-(Ds:MnO,)-HCEs, respectively
(Shrestha, 2021), which are tabulated in Table 2. These values
are also compared with the value of Ds-electrode and pure
MnO,-electrode. Among all the electrodes, 1:1-(Ds:MnO,)-
HCE showed best specific capacitance. It may be due to equiv-
alent mixture of Ds and MnQO,, where non-faradaic and fara-

daic mechanism i.e. EDLC and redox behavior displayed well.
The result clearly showed that the equivalent amount of MnO,
has improved the specific capacitance of 1:1-(Ds:MnO,)-HCE
via simultaneous EDLC and pseudocapacitive charge storage
mechanism. Whereas in 1:2, when MnO, concentration was
increased in the electrode, capacitive performances was
decreased and deteriorated the specific capacitance value
(266.3 Fg~!) (Shrestha et al., 2019; Shrestha, 2021; Shrestha
and Rajbhandari, 2021), which might be due to aggregation
of MnQO, particle within the composite leading to higher value
of bulk resistance. Similarly, in 2:1, due to less amount of
MnO,, pseudocapacitive (redox) behavior might be dominated
by EDLC behavior generated by Ds, which has led to some-
what lower specific capacitance value (250.2 Fg~'). This is fur-
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ther supported by low resistance observed in 1:1-(Ds:MnQO,)-
HCE which have also been discussed clearly in EIS analysis
section. Here, the specific capacitance (Cs) was calculated
using the equation (3).

3.3.3. Effect of current density on the specific capacitance

The Effect of current density on the specific capacitance is pre-
sented in Fig. 7. The curve showed that there was a sharp
decline of specific capacitance with current density up to 5 A
¢ ! in HCEs. Thereafter, specific capacitance was found to
be approximately constant. The decrease in the specific capac-
itance with increasing current density could be due to the dif-
fusion limited process. At higher current density, the
electrolyte ions do not get sufficient time for the diffusion into
the inner pores and thus provides lower capacitance (Shi et al.,
2014). The specific capacitance of HCEs at different current
densities are tabulated in Table 2.

3.3.4. Capacity retention (% )/Life cycle assessment

The life cycle or stability of the as fabricated electrodes was
investigated by capacity retention (%). In this study, 1000 con-
tinuous charge/discharge cycle was applied at a current density
of 3 A g~'. The comparison of capacity retention (%) of Ds-
electrode, (Ds:MnO,)-HCEs and MnO5 electrode are shown
in Fig. 8.

As can be seen in Fig. 8, the capacity retention (%) of Ds-
electrode remains high of 82.4% and sustained (1000) pro-
longed cycles without noteworthy degradation. This revealed
that, Ds-electrode has good cyclic stability and it is well fitted
for supercapacitor application.

However, the advantage of compositing Ds-electrode with
MnOQO; in 1:1 ratio is obvious from its high capacity retention
value of 96.3%. In contrary, other two compositions (2:1
and 1:2 Ds:MnO,-HCEs) show poor retention capacity. This
can be explained by poor retention capacity of pure MnO,-
electrode exhibiting only 61% retention capacity at the end
of 1000 charge/discharge cycles. It is seen that MnO, gets sta-
bilized after 100 cycles presumably due to agglomeration of
nanoparticles of MnO,.

Ds:MnO, (at-1.2 to 0 V)

300 4

200 ~

100 ~

Specific capacitance (Fg™)

0 T T T T T
0 5 10 15 20
Current density (A g'l)

Fig.7  Specific capacitance of (Ds:MnQO,)-HCE:s as a function of
current density.

The effect of ESR values on capacity retention was obvious.
The best retention capacity of 1:1 Ds:MnO,-HCEs indicates
good electrochemical stability due to excellent electrical con-
ductivity and low degradation of composite (Shrestha et al.,
2019; Shrestha, 2021; Shrestha and Rajbhandari, 2021). It is
assumed that cycling of potential leads to degradation of active
materials, presumably increasing the ESR value and decreas-
ing the % retention capacity in the case of 1:2 and 2:1 compos-
ites (Yeung et al., 2015).

3.3.5. Electrochemical impedance spectroscopy (EIS) analysis

Electrochemical Impedance Spectroscopy (EIS) of Ds-
electrode, (Ds:MnO,)-HCEs and pure MnO,-electrode were
performed to investigate the resistive component involved in
electrochemical system. Fig. 9 represents the Nyquist plot of
EIS measurements of electrodes. In the plot, the vertical axis
is imaginary component of the impedance and horizontal axis
is the real component.

In Fig. 9, the points are the experimental data. A semi-circle
loop at high frequency region is due to total equivalent series
resistance (ESR) including electrode and electrolyte and a lin-
ear line at low frequency region is due to diffusion and trans-
portation of electrolyte in porous site of electrodes.

Nyquist plot clearly shows the influence of ratios of com-
posite materials on ESR values. The compositing of Ds-
electrode has increased the ESR value marginally. Among
the hybrid composites, the 1:1 composition has the least
ESR value of 0.41 © while 1:2 composition shows highest
ESR value of 0.62 Q. Whereas, the ESR value of MnO,-
electrode was abnormally high (0.72 €), which are clearly
shown in Fig. 9. The value of ESR of hybrid composite is obvi-
ously affected by the amount of MnO,_Therefore_composition
of the electrode is an important factor in developing the resist-
ing component of the electrode.

3.3.6. Power and energy densities of Ds-electrode

Fig. 10 shows the well-known Ragone plot determined from
galvanostatic charge—discharge measurements. Ragone plot
of Ds-electrode, 1:1, 1:2 and 2:1 (Ds:MnO,)-HCE, and pure

120

=i- Ds
=@-Ds:MnO, (1:1)

\’? +Ds:Mn02 (1:2)
< 105+ —¥=Ds:Mn0O, (2:1)
s ~9- MnO,
- 96.3
5 90-
~—
5]
t
.‘? 82.4
g 754
72.1
5" 68.4
60 - 61-3

0 200 400 600 800 1000 1200
Cycle number

Fig. 8 Capacity retention (%) of Ds-electrode, (Ds:MnO,)-
HCEs and MnOj5 electrode.
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Fig. 9 Nyquist plot of Ds-electrode, (Ds:MnQO,)-HCEs and
MnO.,- electrode at frequency range of 100 KHz to 0.1 Hz at the
perturbation signal with 10 mV AC voltage in 6 M KOH aqueous
solution.
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Fig. 10 Ragone plots of Ds-electrode, (Ds:MnO,)-HCEs in
three ratios, and MnO,-electrode.

MnO,-electrode at potential window range of (-1.2 to 0 V) are
shown in Fig. 10.

The Energy density and Power density plotted in Fig. 10
were calculated by using the formulas as shown in equation
(4) and (5),

E= éCSpAVZ‘ (4)
E

P=_
Ar ()

where, E is the energy density in W h kg™', P is the power
density in W kg~ !, C,p is the specific capacitance in F g LAV
is the potential window (V), whereas At (s) is the time of dis-
charge. Since, in this study, three electrode set up was used
to measure electrochemical performances, the energy density
was obtained by dividing the C, by 8 instead of 2. The results
revealed that Ds-electrode showed the energy density of
2.3Whkg™"' at a power density of 102.2 Wkg™'. Whereas,
the energy density of 1:1, 2:1 and 1:2 (Ds:MnO,)-HCEs were
found to be 16.3, 14.4 and 13.2 Wh kg~ ! at power density of
148.2, 148.5 and 149.0 Wkg ™' respectively, which was signifi-
cantly higher than the value of Ds-electrode (Shrestha et al.,
2019; Shrestha, 2021). Similarly, power density was also found
to be increased in HCEs than Ds-electrodes. Here, MnO, in
hybrid composite played the major source of pseudocapacitive
characteristics in storing energy. Such type of the mechanisms
has also been explained by others (Shrestha et al., 2019;
Shrestha, 2021; Lee and Goodenough, 1999). The other reason
may be due to the use of higher range of potential window in
hybrid composite compared to Ds-electrode.

The overall results of specific capacitance, energy density,
power density, capacity retention (%) and ESR value of
(Ds)-electrode, (Ds:MnO,)-HCEs and MnO,-electrode are
tabulated in Table 3.

It was found that, although all the three HCEs exhibited
improved electrochemical performances, however, 1:1 HCE
showed prominently higher capacitive value of 300.1 Fg~',
which is about three times higher than as fabricated Ds-
electrode and energy density 16.3 Wh kg~!, which is six times
greater than Ds-electrode. Furthermore, the 1:1 HCE exhib-
ited significantly improved cycling stability of 96.3% from that
of Ds-electrode (82.4%). This improvement in electrochemical
performances of AC prepared from Dalbergia sisoo is attribu-
ted to the synergistic effect of MnO, that contributes signifi-
cantly to redox capacitive behavior and decreased ESR value
of MnQO,. The results show that the wood dust of Dalbergia
sisoo, when functionalized carefully, produce a highly effective
active material for energy storage. The energy storage capacity
and cyclic stability can be enhanced by incorporating equiva-
lent amount of nanostructured MnQO,. The energy density
and power density were comparable and higher than those
reported in the literatures (Fujiwara et al., 2001; Xie et al.,
2017; Xie et al., 2019). In addition, the electrode material
was cheaper alternative to expensive synthetic materials.

Table 3 Specific capacitance, energy density, power density, capacity retention and ESR value of (Ds)-electrode, (Ds:MnO,)-HCEs

and MnO»-electrode.

Ratio of Composite (Ds: Potential window Specific capacitance Energy density Power density ESR
MnO,) V) (Fg™") (Whkg ™) (Wkg™") Q)

1:0 —1to0 105.2 2.3 102.2 0.38
1:1 —12t00 300.1 16.3 148.2 0.41

2:1 —12t0 0 266.3 14.4 148.5 0.60
1:2 —12t00 250.2 13.2 149.0 0.62
0:1 —12t0 0 362.7 72 597 0.72
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4. Conclusion

Conclusively, it is seen from the findings that, AC prepared
from waste wood dust of Dalbergia sisoo (Sisau), via car-
bonization process followed by activation with H3;PO4 was
successfully used as an electrode material for supercapacitor
in combination with MnO,. The inclusion of MnO, in as pre-
pared activated carbon (Ds) in 1:1 ratio results in superior
specific capacitance (300.1 Fg'), energy density (16.3
Whkg ') and power density (148.2 Wkg™!) compared to Ds,
1:2, 2:1 and MnQO,. Therefore, compositing of AC derived
from Dalbergia sisoo with MnO, has improved the electro-
chemical performances of electrode material due to its syner-
gistic effect by contributing redox capacity. Accordingly, the
waste wood dust of Dalbergia sisoo, would act as a potential
bio-material source for the preparation of high performance
electrode material for low cost energy storage devices like
supercapacitor.
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