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Activated carbon (ACB) obtained from tree bark waste biomass was obtained by adopting an optimized
activation and carbonization route using potassium hydroxide (KOH) pellets. The morphological and
structural characteristics of the optimized carbon material revealed a porous network suitable for charge
storage. The potential of the ACB material as a suitable supercapacitor electrode was investigated in
a symmetric two electrode cell configuration using a polymer-gel/KOH active electrolyte. The KOH was
included to improve ionic mobility within the polyvinyl alcohol (PVA) gel, while carbon acetylene black
and a polymer-fullerene blend acted as the conductive additives. The cell exhibited an EDLC behaviour
in all electrolytes with the PVA/KOH/carbon black (PKCB) electrolyte portraying the best electrochemical
response with a 1.4 V voltage window. A specific capacitance (Csp) of ~227 F g~! was obtained with
a corresponding energy density of 15.5 W h kg~ and power density of 700 W kg™ at a current density
of 05 A g1 An excellent stability was exhibited with a coulombic efficiency of 98% after 5000
continuous cycles at 5.0 A g
observed after further subjecting the electrode to a floating test for 120 h (5 days) at 1.4 V. Interestingly,

~1 and a slight deterioration of the ideal electrochemical behavior was
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the gel-based electrolyte showed a peculiar “recuperating behavior” after further floating process and
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1. Introduction

Globally, energy research has been given priority due to the
surge in power demand in many parts of the world. The
observed poor power supply especially in developing countries
is closely linked to the gradual consumption of fossil fuel which
currently supplies the majority of the global energy demand.
Generating alternative energy from renewable sources' is seen
as the way to go in order to address this. By doing so, we also
need to take into account that these sources (e.g. sun and wind)
are not consistently available. Thus, energy storage systems are
required to preserve the excess energy for use when needed.

Batteries and electrochemical capacitors (also known as
supercapacitors, SCs) are at the forefront of these cutting edge
energy storage technologies available today.>> Amongst these
two technologies, SCs with an electrical double layer (EDLC)
storage mechanism have also generated widespread attention
in connection with their various applications.>”
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negligible charge loss after a self-discharge process for 30 h at 1.0 A g~

1 which demonstrates the

viability for adopting gel-electrolytes in SC devices from plant biomass waste.

Porous carbon is the choice material for SCs due to its
exceptional set of properties including electrochemical stability,
good electrical conductivity and textural properties, and is
suitable for ion adsorption leading to high power density and
long cycle life. Even so, SCs still suffer from low energy density
when compared with batteries.® In an attempt to improve on the
electrochemical performance (energy density) of SCs, many
allotropes and diverse forms of carbon,®* have all been
explored. With the advent of graphene and its three dimen-
sional counterpart with high specific surface area (SSA), it was
proposed that graphene could be a potential substitute to the
traditional porous carbons used in commercial SCs with a view
to drastically improve the electrochemical performance
(capacitance and energy density) of the SCs.**> However, this
has still not been achieved, although graphene based electrodes
have shown great contribution on its part. The production of
low-cost carbon materials from biomass sources (materials
derived from nature) has triggered enormous research interest
due to their synthesis route, environmentally friendly nature,
and availability.*® Several biomass materials have been explored
as sources of carbon material for electrochemical applications.
For example, some studies have revealed a high temperature
carbonization of seaweed and waste tea-leaves for SCs."*'® The
devices fabricated from these materials had a specific

This journal is © The Royal Society of Chemistry 2017
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capacitance (Cgp) of between 296-330 F g~ ' in KOH electrolyte.
Biswal et al.™” pyrolyzed dead leaves to produce carbon material
which exhibited a SSA of 1230 m”> g~ " and a Csp of 400 F g~ in
1 M H,SO, electrolyte. Recently, pine cone biomass were
explored as electrodes for lithium batteries'® and SCs in both
organic' and aqueous electrolytes.>***

It has also been shown that BDCs respond differently in
various electrolytes depending on the pH and viscosity of the
electrolyte.”>** The choice of the operating electrolyte is another
important parameter that influences their electrochemical
performance in SCs. Aqueous electrolytes are often limited by
the thermodynamic decomposition of water at 1.23 V,** organic
and ionic liquids remain stable up to a potential window of
~2.9Vand ~4.0 V respectively. In the non-aqueous electrolytes,
oxygen and hydrogen evolution are not observed at 1.23 V due to
the absence of water molecules.”*” These electrolytes have also
been used for biomass derived carbon with a Csp of ~142 F g "
at 1 A g~ ' reported for pine cone petal in organic electrolyte®®
and a Cgp of 15-20 F g~" in 1 M Et,NBF,/PC electrolyte for
carbon derived from agricultural waste.”® Solid state (polymer
gel) electrolytes have also been explored by researchers® in
order to adopt them in flexible device electronics. However, they
are limited by low electrochemical performance when
compared to the other types of electrolytes because of their low
ionic mobility and poor contact at the electrolyte-electrode
interface.’* In order to improve the electrochemical perfor-
mance of SCs in solid state electrolytes, aqueous electrolytes,>"*?
redox active materials**~** and transition metal ion complexes®®
are employed as additives which boost their overall
performance.*

The present work reports a fundamental and facile approach
to improve on the electrochemical storage feature of activated
carbon derived from a tree bark waste using efficient polymer
gel-active electrolytes prepared by the addition of a conductive
carbon acetylene black (CB) and a polymer-fullerene blend
commonly known as P3HT:PCBM (poly(3-hexylthiophene)
mixed with [6,6]-phenyl Cg;-butyric acid methyl ester) in a PVA/
KOH electrolyte acting as an advanced mediated gel-electrolyte
for SCs application. The synthesized activated carbon material
had initially exhibited a Cgp of 114 Fg~ " at 0.3 Ag™ " in a neutral
aqueous electrolyte as reported in our previous work.”
However, symmetric SCs based on the proposed gel-based
electrolyte, resulted in an overall improvement in the device
performance. An increased specific capacitance of 227 F g~ at
a higher normalized current of 0.5 A g~ ', energy density of 15.5
W h kg™ " and a corresponding power density of 700 W kg™" in
an extended operating voltage of 1.4 V were recorded. An
excellent rate capability after continuous cycling for 5000 cycles
and further floating for 120 h (approx. 5 days) also depicted
a good device stability with an interesting improvement in
device behavior after floating.

2. Materials and methods

All chemicals and gases used in this study were of high purity
and analytical grade.

This journal is © The Royal Society of Chemistry 2017
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(i) Synthesis of activated carbon (ACB) from plant biomass
waste

The activated carbon (ACB) was prepared as described in our
earlier work.?* Briefly, the (ACB) raw material was crushed and
soaked in a 6 M KOH solution to allow for complete penetration
of the K' ions into the raw material. Thereafter, the mixture in
the form of a “mud cake” was carbonized at 700 °C at a ramp
rate of 5 °C min ™" for 2 h. Finally, thorough washing with HCI
and deionized water was done to obtain the final product.

(ii) Materials characterization

The morphological study of the ACB material was done with
a Zeiss Ultra Plus 55 field emission scanning electron micro-
scope (FE-SEM) operated at 1.0 kV. Nitrogen (N,) absorption/
desorption isotherms were obtained from a Micromeritics
TriStar II 3020 material pore analyser operated in a relative
pressure (P/P,) range of 0.01-1.0 after degassing the samples at
140 °C for 18 h. The Brunauer-Emmett-Teller (BET) and Bar-
rett-Joyner-Halenda (BJH) models were used to determine the
surface area and the pore size distribution (PSD) of the sample
respectively.

A WITec Alpha 300R Plus confocal micro-Raman imaging
system was used to obtain the Raman spectra with a 532 nm
excitation laser set at a 5.0 mW power. X-ray photoelectron
spectroscopy (XPS) procedure was used to inspect the material's
surface chemistry and to quantitatively determine the active
carbon content present within the ACB sample. Al-Ka rays were
exposed to the material and the resulting spectra was set at
a pulse energy of 117.5 eV and 0.1 eV step-size. High resolution
spectra for the C 1s and O 1s sections were also recorded at
a 23.5 eV pass energy with a 0.05 eV step-size.

X-ray diffraction analysis was done using an XPERT-PRO
diffractometer operating a cobalt tube at 35 kV and 50 mA.
The XRD patterns of all specimens were recorded in the 10.0-
80.0° range with a 15.24 seconds counting time.

(iii) Preparation of polymer-gel active electrolyte

A viscous 10 wt% poly-vinyl alcohol (PVA) gel was used in this
work as the main frame electrolyte and this was prepared by
mixing a weighted amount of PVA powder into 50 ml of
deionized water. Then, 10 ml of the as-prepared PVA solution
was measured and mixed with 10 ml of KOH solution by
continuously stirring while heating the solution until all KOH
had intermixed within the gel to produce a clear PVA-KOH gel
labeled as PK. The conductive additives carbon acetylene black
(CB), poly(3-hexylthiophene) (P3HT) and phenyl-Cg;-butyric
acid methyl ester (PCBM) inform of a blend, P3HT:PCBM (PP)
were added to the PK gel to improve the ionic conductivity of the
final polymer-gel active electrolyte denoted as PKCB and PKPP,
respectively. The mass of CB and PP added was 10 mg each per
10 ml of the as-prepared PK gel.

(iv) Electrode fabrication and testing

The active electrode was prepared by mixing the activated
carbon, carbon acetylene black (CB) and polyvinylidene fluoride

RSC Adv., 2017, 7, 37286-37295 | 37287


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05810a

Open Access Article. Published on 26 July 2017. Downloaded on 1/14/2026 12:36:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

(PVdF) binder in a mass ratio of 8§:1:1 in 1-methyl-2-
pyrrolidinone (NMP) to make a slurry. This was carefully
coated onto annealed circular nickel foams (NF) and kept to dry
at 70 °C for 10 min. Thereafter they were pressed and re-coated
to ensure complete coverage of the entire NF surface. Final
drying was done at the same temperature for 12 h. The NFs were
then coupled in a coin cell package along with the respective gel
electrolyte to obtain a symmetric supercapacitor device.
Electrochemical testing was performed on a Biologic VMP-
300 potentiostat interfaced by an EC-Lab® operation software
for a full device characterization. Cyclic voltammetry (CV), gal-
vanostatic cycling with potential limitation (GCPL), electro-
chemical impedance spectroscopy (EIS) and continuous
cycling/stability tests were performed on the symmetric cell.
The CV tests were done at varying scan rates (10-100 mV s~ ')
while the GCPL tests was done at different normalized currents
(0.5-10.0 A g ') in a 0-1.4 V voltage range. EIS measurements
were performed in a 100 kHz to 10 mHz frequency range.

3. Results and discussion
(i) Materials characterization

A detailed materials characterization has been reported in our
earlier work* and as such only very important results related to
this present study is shown for scientific and reading consis-
tency. The fascinating encounter in this work is based on the
enhanced material performance recorded based on the adop-
tion of this material in a gel-active medium. This is linked to the
nature of the material properties observed from extensive
analysis using different characterization tools.

Fig. 1a and b show the SEM images obtained from the
morphological analysis of the sample at varying magnification.
As observed from the figures, a highly disoriented porous
structure is obtained with different pore sizes present in the
frame work of the carbon material which could be suitable for
electrolyte ion penetration. This aids in improving the charge
storage capability of the material when adopted as a SC
electrode.

The N, adsorption/desorption isotherms and pore size
distribution plot of the ACB sample are shown in Fig. 2a and b.
The sample is seen to display a type II isotherm with a H3
hysteresis loop signifying the presence of porosity in the
material. The PSD plot (Fig. 2b) further shows a peak just below
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2.0 nm depicting the existence of micropores with a volume
(Viniero = 0.30 ecm® ¢~ ') and another peak at ~3.8 nm depicting
the presence of mesopores (Vieso = 0.10 cm® g~ '). The
dissimilar pore distribution recorded, provides the path and
site for charge transport and storage required for efficient
device performance.

The Raman spectrum (Fig. 2c) is attributed to disordered
carbon materials with the typical D and G peaks of almost
identical intensity situated at 1346 cm ' and 1587 cm '
respectively.** The Lorentzians spectrum fitting to deconvolute
the distinct peaks also confirmed the presence of a sp* carbo-
naceous material. A detailed description of the origin of the
distinct peaks has also been elucidated in our previous work.*

The XPS high resolution core level spectra for the elements of
interest (i.e. C 1s and O 1s) are shown in Fig. 3a and b. All
degenerate peaks in the C 1s spectrum (Fig. 3a) show high
intensity response at a 284.4 eV which corresponds to the
graphitic carbon signature (C=C) with others related to the
functional group of the oxide components.*” Fig. 3b also
displays similar carbon functional groups from the deconvo-
luted O 1s spectrum confirming the presence of some func-
tional groups on the ACB material surface.****

In Fig. 3c, the XRD spectrum of the ACB material were
matched to a graphite ICSD card 31170 with a hexagonal crystal
structure (see inset to Fig. 3c) and P6zmc space-group which
confirms the Raman results. A broadened peak situated at 26 ca.
25° signifies presence of an amorphous atomic-structured
carbon material which is linked to the (002) plane.

(ii) Electrochemical characterization

Cyclic voltammetry (CV) tests are used to determine the suitable
operating voltage range in which the cell operates. Fig. 4a
displays the initial operation voltage enhancement of the device
aqueous electrolyte by the addition of the PVA polymer gel. It
can be seen that although the polymer is non-conductive, it has
little or no effect on the current response based on the amount
added. This is likely due to the fact that there is no hindrance in
the mobility of the existing K" and OH™ ions present in the
pristine KOH electrolyte at a slower scan rate of 20 mV s~ *. This
is not be the case as the applied scan rate is increased due to the
fact that faster charge kinetics occur at higher scan rate which
might require higher mobility rate of ions. However, the essence

Fig. 1
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(@ and b) SEM image at low and higher magnification of the ACB sample.
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of adding the polymer gel has been demonstrated in terms of
increasing the existing voltage window in an attempt to improve
the overall supercapacitor energy density which is the desire for
researchers. A remarkable increase in the operating voltage
from an initial value of 0.8 V to 1.4 V was recorded for the KOH
and the KOH with PVA gel (PK) electrolyte respectively. Fig. 4b
shows the CV curves between 0.0 and 1.4 V for the different
electrolytes of PVA gel with KOH (PK), PVA-KOH gel plus carbon

This journal is © The Royal Society of Chemistry 2017
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black (PKCB) and PVA-KOH gel plus a polymer blend contain-
ing a donor-acceptor chain (PKPP) used to test the ACB material
at 20 mV s~ ' in a symmetric cell. The idea behind testing these
conductive additives is to harness their charge transport prop-
erties which will aid efficient charge storage. All curves revealed
a typical EDL capacitive behavior with the current response for
the ACB sample tested in PKCB being the highest indicating
superior capacitance. The presence of the polymer blend also

RSC Adv., 2017, 7, 37286-37295 | 37289
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ACB//ACB symmetric device at 20 mV s~* due to addition of PVA and conductive carbon black and (d) CV curves at varying scan rates for the

symmetric device in a PKCB gel electrolyte.

slightly improved its current response although this was not as
enhanced as that of the CB. Probably, further tests to distinctly
analyze the ratio of P3HT:PCBM added could lead to much
better response.

The influence of the polymer gel and carbon black additive is
shown in Fig. 4c with a drastic increase in both the voltage
window from 0.80 V to 1.40 V and the current response. This is
linked to the incorporation of the PVA gel with KOH electrolyte
and the effect of the conductive acetylene black added to the
PVA/KOH gel to improve its ion mobility thereby enhancing
electrode capacitance. This same increase in conductivity was
also observed with the PKPP electrolyte (not directly shown),
although this can be inferred from the current response of all
electrolytes in Fig. 4b. The presence of conductive agents
necessary for active ionic transport within the electrolyte
improves the electrochemical properties of the symmetric
device fabricated from activated carbon based on plant biomass
waste.

Fig. 4d shows the CV curves at different scan rates for the
activated carbon material in PKCB polymer-gel active electro-
lyte. The material is seen to still retain its EDLC characteristic
even at high scan rates. This portrays the presence of a domi-
nant capacitive feature with a small electrolyte diffusion limi-
tation as the scan rate tends to reach 100 mV s . This diffusion

37290 | RSC Adv., 2017, 7, 3728637295

limitation is observed in the alteration of the EDLC shape to
form a quasi-rectangular shape with some form of increased
ohmic trend leading to a decrease in the capacitance.*

A similar trend of improvement of the capacitance value
based on the additive is observed in Fig. 4b with the GCPL
curves displayed for all the three electrolytes in Fig. 5a. The
highest discharge time (¢) is reported for the sample tested in
the PKCB electrolyte which is at par with the results obtained
from CV tests. Analysis of the results from the GCPL curves at
different gravimetric current (Fig. 5b) also confirmed the
diffusion limitation assertion described above from the CV
curves. At increasing current, an observed decrease in the
discharge time is also described to be due to the limited
movement of ions in the electrolyte due to less time for ions to
fully interact with the electrode material.** A specific capaci-
tance of 227 F g~ " was obtained for the symmetric device at 0.5 A
g ' and a corresponding Csp of 200 F g~ * when the current was
doubled to 1.0 A g . This is only an 11.8% drop in capacitance
as aresult of a 100% current density increase. A summary of the
calculated specific capacitance from the GCPL plots against
normalized current is shown in Fig. 5c. The ACB material still
retains a specific capacitance of over 100 F g " even at a high
current of 10 A g~ *. This indicates the high power capability of
the ACB material in the PKCB polymer-gel active electrolyte.

This journal is © The Royal Society of Chemistry 2017
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EIS measurements for the ACB sample tested in the three
electrolytes is reported in Fig. 5d at an open circuit (E,c)
potential. EIS analysis has been described to be one of the
fundamental techniques used in discretely examining the
principal behavior of a supercapacitors.””*®* The EIS scan was
done from a high frequency (f= 100 kHz) to a low frequency (f=
10 mHz) range. A partial semi-circle was observed (inset to
Fig. 5d) which depicts a dispersion effect with the charge
transfer resistance (Rcr) obtained from the size of this semi-
circle.

The intercept of the Nyquist plot at the high frequency region
with the real Z'-axis corresponds to the equivalent series resis-
tance (ESR) value of the cell. This value is composed of the
solution resistance, contact resistance at the active material/
current collector interface and the intrinsic resistance of the
active electrode material.*® Although the ESR-value of the ACB
electrode tested in the PKPP electrolyte has the lowest value
(0.41 Q), the ESR of the sample in the PKCB electrolyte (1.27 Q)
is seen to portray a more ideal capacitive behavior when
comparing the angle the Nyquist plot makes with the Z'-axis at
low frequency. A perfectly vertical line parallel to the — Z” axis
shows an ideal capacitive behavior.* A vertically tilted line on
the other hand, portrays the combination of a wholly capacitive

This journal is © The Royal Society of Chemistry 2017

behavior coupled with a low ionic diffusion resistance within
the cell. Thus from the Fig. 5d, it can be seen that the ACB
sample in the PKCB depicts a better capacitive response as
compared to the one in the PKPP and PK electrolytes respec-
tively. The observed lowest ESR-value with the PKPP is most
likely linked to the presence of the donor-acceptor contribution
from the P3HT:PCBM polymer blend which is not sufficient
enough to improve the electrochemical capability of the entire
device as compared to the material tested in the PKCB
electrolyte.

Fig. 6a shows the modified Randles circuit® used to fit the
EIS data obtained for the ACB symmetric cell tested in the
PKCB. This is composed of an equivalent series resistor, deno-
ted as (Ry) connected in series to the charge transfer resistance
(Rcr)- The shift from a high-low frequency region is fitted by
a Warburg diffusion element (W) which is modelled in series
with the Rcr. The constant phase element (CPE) impedance,
which is denoted as Q in the circuit is related to the roughness
and pseudocapacitive kinetics of the porous electrode. This
value can be expressed as:

1
0= 7oy "
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(a) Circuit fitting of EIS plot with experimental data; inset shows the equivalent series circuit based on the fitting data; (b) Ragone plot

showing the energy density as a function of power density; (c) coulombic efficiency plot showing the device stability after 5000 charge—
discharge cycles at 5 A g~%; (d) Nyquist plot before and after cycling for the symmetric ACB device; (e) combined Nyquist plots of the pristine
symmetric ACB cell, after cycling and after 120 h voltage holding (f) self-discharge profile of the ACB symmetric cell over a 30 h period.

where T is the frequency independent constant with dimen-
sions of (F cm™?)", w is the angular frequency and n is an
exponent.*** In this case, n value ranges from —1 to 1 and could
be calculated from the slope of the log Z versus log f graph. For
values of n = 0, n = 1 and n = —1, Q acts as a pure resistor,
a pure capacitor and as an inductor respectively.® Ideally, at
very low frequencies, an ideal polarizable capacitive electrode
should give rise to a straight line parallel to the imaginary Z”-

37292 | RSC Adv., 2017, 7, 37286-37295

axis. A deviation from this ideal behavior however has been
observed from the Nyquist plot. This variance is attributed to
the existence of a resistive element associated to capacitance
leakage (C). This resistance is denoted as leakage resistance Ry,
and is in parallel with C. A summary of the fitting parameters is
shown in Table 1 within an error value of 0.02.

The Ragone plot shown in Fig. 6b illustrates the variation of
the power density (W kg™ ') with energy density (W h kg™"). A
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Table1l Calculated values of fitted parameters through CNLS fitting of
the experimental impedance spectra based on equivalent circuit
shown in the inset to Fig. 6a“

Electrode Rs(Q) Rer(Q) C(F) Ry (Q) Q (Fs™)

ACB 1.22 4.004 0.173 2.092 x 1012 0.0071

“Xx*=0.02, X/v/N =0.017,Q = CPE, a = n.

maximum energy density of 15.45 W h kg~ " is obtained for

a corresponding power density of 700 W kg~ at 0.5 Ag~'. These
values are reasonable and comparable to results obtained for
symmetric devices based on plant biomass.”**** The extension
of the operating voltage window to a value higher than those
achievable in aqueous electrolytes (~1.2 V) also makes the
results vital considering that the ACB sample could only get to
a value of 0.6 V in KOH aqueous electrolyte in previous study.**
Thus, the electrochemical performance of any energy storage
material is dependent on both the specific intrinsic material
properties as well as the actual device operating electrolyte.

The device stability was also studied by subjecting the
symmetric cell to a continuous charge-discharge cycling at 5 A
g ' and further applying a constant current voltage-holding for
120 h. The results obtained from the stability tests are displayed
in Fig. 6¢-f and S1 of the ESIL.§ From the continuous cycling,
a coulombic efficiency of 98% was still obtained after 5000
cycles (shown in Fig. 6¢). EIS measurements was taken after the
5000 cycle was completed based on the fact that it is known to
give an idea on the extent of electrode degradation in the SC
device at any given time. The EIS plots before and after cycling
(Fig. 6d) showed an improvement in the device ESR value (see
figure inset) and this can be attributed to the exposure of more
porous sites within the electrode material as a result of
continuous cycling. Although there was a slight loss in the ideal
capacitance as seen from the gradient of the Nyquist plot at low
frequency region, the device still showed a reasonable amount
of stability based on only a 2% loss in coulombic efficiency. This
is likely due to loss of adhesion of the ACB material to the
current collector as well as evolution of oxygen within the
electrolyte. This can be reduced by improving the fabrication
and testing conditions through nitrogen bubbling.*

The voltage holding process also showed the device capa-
bility to withhold a continuous maximum applied voltage for
over 120 h (5 days) without dropping in voltage or complete
device failure. The device efficiency as observed during the
voltage holding test also remained slightly constant with little
change (not shown). Based on the comparison with the ESR of
the cell, the Nyquist plot was also analyzed after voltage
holding. Fig. 6e compares the Nyquist plot before cycling (ESR
= 1.27 Q), after cycling (ESR = 0.90 Q) and after voltage holding
(ESR =2.20 Q). The inset to Fig. 3e clearly displays the cell's ESR
values at the high frequency region. In the case of an additional
voltage holding step carried out, there is an increase in the ESR
value but this is coupled with a corresponding improvement in
the electrochemical performance of the symmetric device based
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on the ideal capacitance in relation to the vertical nature of the
Nyquist plot at lower frequencies.

This means that even though the voltage holding process
degraded the cell in terms of its resistive property which is
linked to ease of charge mobility, an extra voltage holding
process improved its ideal capacitive features. In any case, after
subjecting the device to such lengthy stability tests, it is expected
that the condition of the electrolyte will be altered although this
is not within the scope of the present study. Interestingly, the
occurrence recorded after voltage holding tests is quite peculiar
and requires further studies to fully understand this queer
development. The Bode plot presented in Fig. S17 elucidates the
observation by further analyzing the phase angle response as
a function of frequency for the device after cycling and after
voltage holding. Fig. S1f displays the Bode plot (phase angle as
a function of frequency) which shows the device condition for
the different stages of stability testing. It is seen that the device
initially portrays a pure resistive-capacitive behavior as observed
earlier from the Nyquist plots with the deviation from the
vertical tendency in the low frequency (LF) region to give a phase
angle (—66°) farther from the ideal —90° known for ideal
capacitors.”® However, after the voltage holding test is per-
formed, the phase angle in the LF region improves (—81°) closer
to the ideal value and is comparable with the initial device
condition (—83°) before cycling which confirms the improve-
ment in observed device status from the Nyquist plot.

Initial propositions put forward by the authors suggest that
the voltage holding step may likely act as a “healing” route
which tries to bring the cell back to a better state although the
electrolyte ions are depleted in both process which make the
ESR value to increase in both cases. It has also been recently
reported that voltage holding tests is a better way to examine
device stability as compared to cyclic tests for long cycle
numbers.*” A final and conclusive step of the self-discharge test
was done to see the device ability to retain stored charge after
being charged up to its maximum voltage. The device was
charged to 1.4 V and held at that voltage for about an hour
before being kept at open circuit potential to undergo self-
discharge for a little over 30 h (>1 day). The initial abrupt
drop in cell voltage is linked to water decomposition of any
residual water molecules from the PKCB gel which is in contact
with the cathode.”® This causes a loss in cell voltage even after
the physical test fixture connection to the device is removed.
The ideal model used to describe the cell discharge process has
been fully elucidated in our earlier studies on activated carbons
from other sources.*** This is linked to a diffusion-controlled
process which leads to loss of accumulated ionic charges
within the electrolyte when charged. The voltage profile is
described by the polynomial equation as follows:

V="V, - m" (2)

where m is a parameter for diffusion and is related to the initial
recorded voltage V.

A reasonable amount of the device voltage was retained after
keeping the device to an open potential for up to 12 h (half day).
Up to 50% of its original maximum voltage, V is still retained
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after self-discharging for a 15 h period which depicts a prom-
ising trend of the AC material for potential energy storage
application.

4. Concluding remarks

The results from this study have illustrated an enhancement of
the electrochemical performance of a symmetric capacitor
based on activated carbon obtained from tree bark biomass
waste. The choice of a polymer-gel active electrolyte with
conductive additives was suggested based on the increment in
both the device current response and the operating voltage
which is seen to improve tremendously. The ACB//ACB
symmetric device tested in a PKCB gel electrolyte exhibited
a specific capacitance of 227 F g~ with a corresponding energy
density of 15.5 W h kg~ ! and power density of 700 W kg™ " at 0.5
A g ", The device also showed a 98% coulombic efficiency after
5000 charge-discharge cycles accompanied with an improve-
ment in the capacitive characteristic after a voltage holding of
120 h based on the nature of the Nyquist plots before and after
voltage holding. The self-discharge characteristic after testing
for over a 30 h period shows up to 50% of its original voltage still
retained on open circuit. This shows that the voltage drop in the
device is simply a diffusion controlled process which is linked
to the depletion of electrolyte ions. These interesting results
show the potential in adopting the activated carbon from plant
biomass waste (ACB) along with a polymer-gel mediated elec-
trolyte with carbon acetylene black additive as cheaper and
efficient materials for superior supercapacitor applications.
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