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Abstract

The performance of supercapacitors (SC) strongly depends on how their activated carbon
(AC) electrodes were synthesized from precursor materials and pretreatments applied to
them. This study investigates the effect of direct and filtered gamma radiations applied as
pretreatments to the AC. The exposure doses used were from 0.1 kGy to 6 kGy. The high
gamma-energy and high dose of the pretreatment broke the randomly orientated graphitic
crystal lattices inside AC particles and disturbed the existing functional group populations.
The filtered radiation pretreatment at 1 kGy, which contains a higher composition of
secondary electrons than direct radiation pretreatment, yields AC with the best overall SC
performance. The SC cell made from 1 kGy filtered radiation pretreatment AC showed higher
specific capacitance 73.1 % (218.58 F g1), specific energy 73.54 % (10.96 W h kg?) and
specific power of 8.36 % (155.67 W kg?) compared to the sample without any radiation
pretreatment. This study explicitly shows the benefit of secondary electrons in the radiation
field, which produce decisively defect sites on the AC lattices for gains in SC performance.
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Introduction

An economic development based on non-renewable energy sources is unsustainable. Unfortu-
nately, such energy sources significantly influence the energy consumption in the world today as the
demand for energy keeps increasing. Therefore, renewable and green energy sources are attracting
current energy research to reduce the dependence on unsustainable energy sources [1]. In the
ecosystem of renewable and green energy sources, supercapacitor (SC), also known as ultracapacitor,
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is a promising green energy storage device. SC is an ideal electrical energy storage device with
moderate energy capacity and high-power delivery [2], long life cycle [3], low maintenance [4],
desirable safety and fast dynamics of charge propagation compared to conventional energy storage
devices. Due to such benefits, SCs are used primarily in hybrid electric vehicles, electric vehicles, fuel
cell vehicles such as passenger cars, trains and trolleybuses [5].

The electrode material is one of the major components that determine the performance of SC.
The commonly used electrode materials are based on carbonaceous materials such as carbon
nanotubes [6], carbon nanofibers [7], carbon aerogel [8], graphene [9], and activated carbon (AC)
[10]. The non-carbon-based materials (found in pseudocapacitors) include conducting polymers
[11], and transition metals oxides such as NiO [12], RuO [13], IrO; [14], and MnO; [15]. However,
ACis the most widely studied electrode material due to its high porosity structure, high surface area,
endurance, non-toxicity and potential to alleviate agro-industrial wastes [16]. The precursor
materials of AC are naturally obtained from agricultural wastes, such as coconut shells [17], oil palm
empty fruit bunches [18], cassava peel [19], banana fibers [20], jackfruit peels [21], sunflower seed
shells [22], bamboos [23], rice straw [24], durian shells [25], and coffee beans [26] due to their low
cost and abundant availability.

The modification methods involved during the precursor preparation play an essential role in
producing desired carbon electrode properties [27]. Generally, the carbonization (in an inert gas at
high temperature) and activation (physical or chemical) methods are used separately or in
combinations to modify the AC electrode pore structure, surface area, and conductivity. However, the
SC incorporating AC electrodes from biomass precursor has reached the limit of useable surface area
for electrochemical performance gains. It has been reported that the performance of such SCs does
not linearly increase with the increase in surface area due to non-ideal pore size distribution [28].
Thus, further viable treatment on the AC should focus on modifying carbon lattices and functional
group populations. Typically, functional groups present in AC from biomass precursors (coconut shell
[29]) are associated with O-H bonds of hydroxyl groups, C-H bonds of methyl groups and C=C bonds.

Gamma radiation on carbonaceous materials has long been attributed to improving structural
modifications in terms of the material disorder [30], increased pore width, and mesopore formation,
contributing to a broader distribution of pore sizes [31]. Hence, prior application of radiation
treatment on the AC powder led to better SC performance [32]. However, most gamma energy does
not deposit onto the AC powder during stochastic interactions (for uncharged particles such as
photons) under direct gamma radiation. Instead, the energy is carried away by scattering the knocked-
out secondary electrons. This effect intensifies for 1.25 MeV-photon when the Compton scattering
interaction dominates, resulting in more energetic and long-range secondary electrons scattering.
Another issue is that AC materials have a low interaction cross-section with photons at the energy of
1.25 MeV. The solution to these problems is to place a metallic layer as a filter (radiation attenuator)
between the radiation source and AC powder, which acts as an additional interaction site for
producing secondary electrons. The secondary electrons created from the metallic layer will reach the
AC powder and interact deterministically (for charged particles such as energetic electrons) to create
typical lattice defects, such as Stone-Wales defects and vacancy defects [33]. The defects created can
influence the electrochemical property of carbonaceous materials [34].

This study used gamma treatment from a Co-60 source with increasing doses between 0.1 and
6 kGy to radiate the AC commercial (ACC) powder. The ACC was exposed directly to gamma radiation
(direct radiation), or the ACC was placed inside a copper envelope before radiation (filtered
radiation). This study investigates the microscopic impact of the radiation modalities on the ACC
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properties, such as pore networks, surface morphology, chemical bonds, and lattices. Finally, the
effect of the radiation modalities on electrochemical performance was investigated by using the
ACC as SC electrodes. We elucidated and differentiated the effect of the radiation modalities in
producing radiation defects in the ACC from the physical and electrochemical analyses.

Experimental

Powder irradiation setups

A plastic bag filled with 0.5 g of ACC powder (Bravo green Sdn Bhd) was placed inside a revolving
container (Gammacell 220 Excel) (Figure 1A) in the direct radiation modality with a Co-60 source
(1.25 MeV-photon). Another plastic bag was enclosed in a copper foil envelope of 0.13 mm-thick-
layer in the filtered radiation modality (Figure 1A inset). The irradiation doses used were 0.1, 0.5,
1.0, 3.0, and 6.0 kGy for each radiation modality (the samples from direct radiation were denoted
as ACCD-0.1, ACCD-0.5, ACCD-01, ACCD-03, and ACCD-06, respectively, and filtered radiation
samples as ACCF-0.1, ACCF-0.5, ACCF-01, ACCF-03, and ACCF-06, respectively). Figure 1B shows a
schematic representation of gamma radiation on the samples.

(B)
W\
M\
@ W\

Figure 1. (A) ACC powder in a plastic bag ready for exposure to direct gamma radiation in the Gammacell
220 Excel. The plastic bag is enclosed with copper foil in the filtered radiation modality. (B) Schematic
representation of gamma radiation on the samples, where copper foil attenuates the primary radiation
(curly red arrow) and produces secondary electrons, e (blue tracks). The copper foil is absent in the direct
radiation, leaving mostly direct gamma interaction with ACC powder

Preparation of supercapacitor cells

The irradiated ACC powders were further grounded and sieved (Lab. Tes Sieve BS 140) until an
average particle size less than 53 um was obtained. The electrodes were prepared by mixing 90 wt.%
ACC powder, 5 wt.% carbon black (Sigma-Aldrich) and 5 wt.% PVDF-HFP (Sigma-Aldrich) to form a
slurry at room temperature. The slurry was brush-painted on graphite tape (commercially available-
Zigrah Scientific) with 1 cm? of the cut area. The mass loading of active materials is about ~4.2 mg
on the electrode after drying. Then, two symmetric electrodes were soaked in 6 M KOH electrolyte
before being made up into SC cell by sandwiching a polypropylene separator (25 um thick, Celgard
3501).
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Physical characterizations

Field emission scanning electron microscope (FESEM, Merlin, Zeiss 2013) was used to observe
ACC, ACCD and ACCF powders morphologies. Micrometric ASAP 2010 instrument using liquid
nitrogen adsorbate at 77 K was used to determine the sample BET specific surface area (Sger) and
pore distribution parameters such as micropore surface area (Smicro), mesopore surface area (Smeso),
micropore volume (Vmicro), mesopore volume (Vmeso) and average pore diameter (Dp).

X-ray diffraction (XRD) patterns of ACC, ACCD and ACCF samples were determined by X-ray
diffractometer (Bruker AXS: model D8 Advance) with CuK, radiation (A= 0.154 nm). The interplanar
spacing (doo2 and dioo) for all ACCs powder was determined from equation (1) [35]:

dzisinH (1)
2

where A is the wavelength of the X-ray, and @ is the reflection at angles Goo2 and 100 for peaks (002)
and (100), respectively. The layer stacking height (L) from the (002) peak and longitudinal size of stack
width (L;) from the (100) peak were calculated from the Debye- Scherrer equations (2) and (3) [35]:

A
L=09|——— 2
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where foo2 and Sioois the full width at half maximum of the symmetrically shaped diffraction peaks
of (002) and (100) planes, while Goo2 and 6100 are (002) plane and (100) plane reflection angles,
respectively.

Raman spectra were recorded from 650 to 4000 cm™ using a 514 nm laser beam for selected
samples (Thermo Scientific | Model (DXR2xi)). The chemical structure of the selected samples was
studied using Fourier transform infrared spectroscopy (FTIR, Perkin Elmer Spectrum 400 FT-IR).

Electrochemical characterizations

Electrochemical performance of SC (two-electrode configuration) made from ACC, ACCD and
ACCF electrodes were investigated. In electrochemical impedance spectroscopy, EIS (Metrohm
Autolab B.V), measurements were carried out using 10 mV amplitude in a frequency range from 1
MHz to 0.01 Hz. From EIS data, the specific capacitance (Csp) of the SC with two equal electrodes

was calculated using equation (4):

1
Csp— - nflz_lm (4)

where fiis the lowest frequency of measurement, Z” is the imaginary impedance value () at f1, and
m is the total mass of active material (g) of two electrodes.

The SC charge storage capacity was studied using cyclic voltammetry, CV (Metrohm Autolab B.V)
and Cs, for CV were calculated for two electrodes using equation (5) [36]:

1 .
Cop= g U2 1(V)AV) (5)

where v (mV s?) is the scan rate, AV (V) is the potential window, while [ i(V)dV is the total
voltammetric charge bounded by the negative and positive sweeps (the area inside the CV curve).

Galvanostatic charge-discharge, GCD (5 V, 10 mA NEWARE BTS 3000 battery testing system)
analysis was performed to produce Csp, specific power (P) and specific energy (E) of the two
electrodes SC based on equations (6) [37], and (7 and 8) [38]:
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Co 7 (6)

=2 (7)

=2 (8)

where i is the discharge current, AV is the total potential difference during a complete discharge
process, At is the time for complete discharge, V is the cell operational voltage window, and t is
discharging time (s).

Results and discussion

Physical characterizations

Selected ACC samples were chosen based on the results of their SC electrochemical performance
obtained earlier. In the FESEM and N; adsorption-desorption analysis, the selected samples include
non-radiated and radiated samples of 0.5 and 1.0 kGy. In structural-sensitive characterizations such
as XRD, Raman spectroscopy and FTIR analysis, the 6.0 kGy radiated samples were also included.

FESEM micrographs

FESEM characterization of surface morphologies of the selected samples shows that the ACC
naturally exhibited a porous texture with a network of open pores, as shown in Figure 2. This
richness of pore sizes in the samples is beneficial for SC electrodes as it provides good ionic
transportation [39]. The electrode pores developed during the activation process result from the
breakdown of the biomass precursor structure [40].

\‘k ‘:

Figure 2. FESEM micrographs for: (A) ACC-00 with complex open pores network; (B) ACCD-0.5 with surface
roughness and some pores network extending deep into the particle; (C) ACCD-01 open pores
network filled with smaller particles; (D) ACCF-0.5 same as (A); (E) ACCF-01 with granulation
of smaller particles on the surface

The morphological effect due to radiation exposures is not directly discernible through the
FESEM. However, the FESEM does show that the distribution of granulations and the surface
roughness of the samples are almost identical. The network of pores was confirmed through N»
adsorption-desorption analysis.
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Nz adsorption-desorption

The influence of gamma radiations on the porous texture of ACC was captured in N, adsorption-
desorption measurements (Figure 3). The N, adsorption-desorption isotherms of the selected samples
show that the overall shapes are typical adsorption-desorption curves for AC materials [41]. The
samples IUPAC curve classification is a combination of type | and type IV isotherms [42]. Type |
isotherm is characteristic of microporous samples [43], while type IV isotherm indicates the presence
of mesopores [44]. The values of the pore structure parameters (Table 1) from the adsorption
isotherms showed a general trend which suggests that radiation exposures cause surface area to
slightly decrease for radiated samples, compared to the non-irradiated sample [31]. However, the
ACCF-01 sample has the most significant volume of Smeso, Which is essential for electrolyte ions
transport [45] into micropore surfaces and improves power performance at high current densities.

400
&
© 350 A
bo
E 300 A
3
3 250
g -+ ACCD-0.5
g 200 -=-ACCD-01
= ~-ACCF-0.5
S 150 -+ ACCF-01
<

100 r T T T

0 0.2 0.4 0.6 0.8 1

P/P,
Figure 3. Nitrogen adsorption-desorption isotherms for selected ACC, ACCD and ACCF samples

Table 1. Pore parameters for selected ACC, ACCD and ACCF samples

Radiation modality Non-radiated Direct radiation Filtered radiation

Radiation dose, kGy ACC-00 ACCD-0.5 ACCD-01 ACCF-0.5 ACCF-01
Sger / m2gt 1065.08 990.73 986.79 1010.07 1034.55
Smeso / Mm2g? 214.99 215.16 212.54 214.00 221.25
Smicro / M2g’? 850.09 775.57 774.25 796.07 813.30

Vimeso / cm3g’? 0.12 0.11 0.14 0.12 0.12

Vimicro / cm3g™? 0.40 0.37 0.37 0.37 0.38

Smeso / Smicro 0.25 0.28 0.27 0.27 0.27

Dp/nm 1.99 2.00 2.01 2.00 2.00

XRD analysis

Crystallographic structures from XRD for the selected ACC powder samples are shown in Figure 4.
The existence of (002) and (100) broad peaks in Figures 4(A) and 4(B) indicates that the samples are
amorphous [46]. The diffraction pattern for the selected samples consists of two broad peaks,
correlated with honeycomb-structure of carbon, located at around 24.6 and 43.7°, corresponding to
the (002) and (100) peaks, respectively. The peak broadness represents a turbostratic or random layer
lattice structure [47]. This turbostratic structure shows that the carbon layers are characterized by
randomly shifted layers, unorganized stray carbons, local stacking faults, strain in the layers and
varying interspacing values [48]. The structural features such as the interlayer spacings (doo2 and dioo),
L, L, the ratios of L¢/La and Lc/dooz2 of the samples calculated from equations (1)-(3) are shown in Table
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2. The radiated samples interlayer spacing (doo2 and dioo) values did not differ significantly from non-
irradiated ones. There are significant increments of L. and decrements of L, from ACCD and ACCF
samples, especially the ACCD-01 and ACCF-01, compared to ACC-00. The highest increment of L. at
1 kGy dose is associated with increased intermediate carbon plane distance held by van der Waals
force. This effect is attributed to the formation of defects and the appearance of intermediate dangling
atoms between the carbon planes. The out-of-plane dangling atoms have a shorter distance to the
next carbon plane. The decreasing of L, at 1 kGy is due to the weakened of covalent (o and 1) bond
represented by peak (100) of carbon plane [45]. Hence, the ratio of Lc/Ls and Lc/doo2 shows the largest
value for samples ACCD-01 and ACCF-01. At a higher dose (6 kGy), more defects and dangling atoms
formed, causing carbon planes to collapse and break apart at the defect points. Hence, the new
structures have fewer defects and the structural parameters resembling ACC-00. The increment in L,
Le/La and Lc/dooz values corresponds to the gain in specific capacitance of SC [49], already observed in
the electrochemical characterizations section. This is due to the increase in lattice defects on ACCD
and ACCF particles that indirectly affects pore distributions.

A B (002)
(002) -
(100) i J ACCF-06
ACCD-06 /
3 = 4
© ©
g e ACCF-01
§ ACCD-01 f-:g L S
= —-_/\A‘ = ‘ ACCF-0.5
. ACCD-0.5 |
ACC-00 M N, ACC-00
5 25 45 65 5 25 45 65
20/° 20/°

Figure 4. XRD pattern for: (A) direct radiation modality, ACCD, and (B) filtered radiation modality, ACCF, at
different irradiation doses. The non-radiated ACC-00 is shown on both sides for reference

Table 2. X-ray diffraction parameters for selected ACC, ACCD and ACCF samples

ACCs doo2/ nm dio/ nm L/ nm La/nm Le/ La Lc/ doo2

ACC-00 0.374 0.208 0.635 2.697 0.24 1.70
ACCD-0.5 0.370 0.208 0.713 2.481 0.29 1.92
ACCD-01 0.376 0.209 0.755 1.535 0.49 2.01
ACCD-06 0.372 0.209 0.536 2.361 0.23 1.44
ACCF-0.5 0.370 0.208 0.726 2.343 0.31 1.96
ACCF-01 0.378 0.209 0.866 1.651 0.52 2.29
ACCF-06 0.375 0.208 0.643 2.449 0.26 1.72

Raman spectroscopy

The results of Raman spectroscopy analysis performed on the selected samples are shown in
Figure 5. Raman spectra consist of three prominent characteristic peaks centered around (~1340 to
1390 cm), (~1590-1640 cm?) and (~2590-2620 cm™), corresponding to D band, G band and 2D
bands, respectively, which is typical for AC samples [50]. The D band represents defect/disorder
carbon. The G band represents the in-plane vibration of the sp?. The 2D band represents graphitic
carbon characteristics and its peak broadness is related to the number of carbon layers [51].

The degree of disorder of the sample is described by the intensity ratio of the D and G bands
(Io/ls). Generally, In/ls values increased after exposure to radiation, where the sample exposed to
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1 kGy recorded the highest increment (Table 3). The reduction of Ip/ls values at overdose (6 kGy)
suggests that the newly formed structures break at defect points with fewer defects than the 1 kGy
sample. This trend is in good agreement with the XRD analysis (L, Lc/La and Lc/dooz2) that showed
maximums at 1 kGy dose and decrements for an overdose at 6 kGy. The intensity ratio between 2D
and G peaks (/p/ls) indicates the number of carbon layers present in carbon material [52]. The
values of I/l >2, 1< ho/ls <2, ho/lc <1 mean the presence of single-layer graphene, bilayer
graphene, and three or more layers, respectively, in the turbostratic structure of the AC [53]. Thus,
Table 3 shows the presence of bilayer graphene in all AC samples.

A ’ \ //\(\\
AN // \\

/ .\ \Acc-00./
P aa ™ / N
‘ \ACCF-0.5

Raman intensity, a.u
Raman intensity, a.u

200 600 1000 1400 1800 2200 2600 3000 200 600 1000 1400 1800 2200 2600 3000

Raman shift, cm? Raman shift, cm

Figure 5. Raman spectra for the selected samples: (A) direct radiation modality, ACCD, and
(B) filtered radiation modality, ACCF, at different irradiation doses. The non-radiated ACC-00 is shown
on both sides for reference

Table 3. Indicators for degree of disorder (Ip/Is) and layers (l.0/1s)

ACCs Io/lc band lo/l band

ACC-00 1.03 1.35
ACCD-0.5 1.08 1.28
ACCD-01 1.11 1.31
ACCD-06 1.09 1.16
ACCF-0.5 1.11 1.36
ACCF-01 1.12 1.40
ACCF-06 1.08 1.44

FTIR analysis

FTIR analysis is based on the characteristic transmission of reference light from the molecular
bonds of functional groups present in the selected samples. The effect of gamma radiation on
molecular bonds for different doses and radiation modalities can be seen clearly after normalization
at a specific point (here, at 1280 cm™?), as illustrated in Figure 6.

Each FTIR spectrum has a broad peak around ~3321 cm™, which is attributed to the O-H stretch
of the hydroxyl functional groups [29]. The peak at ~2067 cm™ is associated with the C=C alkyne
group. This peak broadness indicates that C=C alkyne vibration becomes weaker as it was disrupted
after irradiation. Three peaks observed at ~1981, ~1522 and ~1812 cm™ correspond to C-H aromatic
compounds, C=C aromatic compounds and C=0 carbonyl compounds, respectively. The peak at
~1238 cm™is ascribed to C-O stretching, identified as lignin by Shi et al. [54].

In the direct radiation modality, the radiation interacts stochastically with the ACCD samples due
to the material low effective atomic number (z = 6), which leads to low interaction cross-section at
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1.25 MeV energy photon (carbon mass attenuation coefficient, 5.69x102 cm? g1) [55]. The stochastic
effect is translated into interchanges of the order of FTIR lines for each identified compound peak
between ACCD samples and ACC-00, Figure 6(A). The interchanges of lines show a stochastic nature
that breaks the identified bonds due to direct gamma interaction with the sample carbon materials
(compared to non-radiated samples). However, the secondary electrons composition is more
significant in the filtered radiation modality. It is due to more secondary electrons being created (from
Compton scattering) when the primary radiation gets attenuated in passing through the copper
envelope. Even though the copper envelope (z = 29) has a mass attenuation coefficient of 5.26x102
cm? gl at 1.25 MeV-energy photon-like carbon, once the scattering of secondary electrons is created,
they mostly move towards the ACCF samples. This is true given the proximity between the copper
layer and ACCF and the high 1.25 MeV-energy photons involved; the ejected secondary electrons
move forwards with a small scattering angle with respect to the primary photon axis. The scattered
secondary electrons interact deterministically with carbon materials (as charged particles always do)
and have persistent bond breakings capability. This deterministic effect can be seen in Figure 6(B),
where the selected ACCF samples consistently have lesser transmittance than ACC-00 for each
identified compound peak. The ACCF-01 sample has more transparency than the ACC-00 and ACCDs
(Figure 6(A)) samples, suggesting that the distribution of functional groups in the ACCF-01 sample has
been significantly modified.
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Figure 6. FTIR spectra for the selected samples: (A) direct radiation modality, ACCD, and (B) filtered
radiation modality, ACCF, at different irradiation doses. The presence of ACC-00 and ACCF-01
in both spectra is for comparison

The reduction of C=C bonds in all radiation modalities is evident. It agrees with XRD and Raman
analyses that show the increase of defects in the carbon structure due to radiation modalities.
However, as shown in Figure 6(A), the effect from secondary electrons rich in filtered radiation
modality (ACCF-01 sample) shows the most considerable reduction of C=C bonds.

However, an unfamiliar peak in the ACC samples appears at ~2277 cm™ associated with N=C=0
isocyanates. The peak appearance is believed [56] to be due to the manufacturer nitric acid
treatment given to the precursor of the ACC. This peak usually appears in highly oxidized samples.

Electrochemical characterizations

Electrochemical impedance spectroscopy (EIS)

This type of electrochemical characterization investigates the favorable electrochemical
properties of the ACCD and ACCF samples as SC electrodes compared to that of the ACC sample. The
Nyquist plots of SC cells made from the ACCD, ACCF and ACC samples shown in Figure 7, consist of
two regions with a semicircle at high frequencies and a straight-capacitive line at low frequencies.
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This is a typical electric double-layer capacitance (EDLC) behavior for SC with thin electrodes [57].
The semicircle represents charge-transfer resistance, R.;, due to double-layer capacitance at the
interface of electrolyte/electrode and the faradaic process [16]. The semicircle intercept with Z’ at
high frequencies (left side) is resistance Rs, representing ionic resistance of electrolyte solution [58].
Thus, the equivalent series resistance ESR is given by ESR = Rs + Rc:. The EIS resistance values of the
samples are listed in Table 4.

160 160
A —~ACC-00 e B ~ACC-00 -+ACCD-0.1
140 |+ Accp-oa 17 140 |~ ACCD-05 —+ACCD-01
~ACCD-0.5 a R --ACCD-03 -+-ACCD-06
120 | ~AcCcD-01 N = 120
—+ACCD-03 h
o 100 { =ACCD-06 o 100 |
= ~
N80 - N g
60 - 60
40 40 -
20 1 20 - /
0 ‘ . . . : . 0 % . . . . :
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Figure 7. Nyquist plots for SC cells made from: (A) direct radiation modality, ACCD samples, and (B) filtered

radiation modality, ACCF samples, at different irradiation doses. The SC made from non-radiated ACC-00 is

shown on both sides for reference. Inset of (A) shows the resistance parameters and lowest frequency point
f1 on Nyquist plot

Interestingly, the Rt values for SC cells made from ACCD and ACCF electrodes are significantly lower
compared to ACC-00 SC cell and show a decreasing trend of Rt and hence ESR values, with increasing
radiation doses until 1 kGy. This is beneficial to facilitate faster ion transport across the electrode-
electrolyte interface. It can be attributed to the difference in functional groups population that the
ACCD and ACCF electrodes have compared to ACC-00. At overdoses of 3 and 6 kGy, the R.s of ACCD SC
cells starts climbing up. However, for the ACCF SC cells, R.: values increase for 3 kGy but drop back at
6 kGy overdoses. The breaking apart of carbon structure at overdoses increases the R due to an
increase of contact resistance among newly formed carbon structures except for ACCF-06.

In the low-frequency region, the shorter straight-line in the Nyquist plot means a lower Z” value
at fi, and therefore indicates an improved capacitive behavior (higher Csp), as indicated by
equation (4). The Csp values (Table 4) show an increasing trend with irradiation doses up to 1 kGy
with maximum values of 121.9 F g (ACCD-01 electrode) and 113.9 F g'* (ACCF-01 electrode), before
going down due to overdose at 3 and 6 kGy.

Table 4. Electrical parameters of SC cells

Non-radiated

Direct radiation

Filtered radiation

Parameters ACC-00 ACCD-0.1 ACCD-0.5 ACCD-01 ACCD-03 ACCD-06 ACCF-0.1 ACCF-0.5 ACCF-01 ACCF-03 ACCF-06
Rs/Q 0.33 0.30 0.30 0.44 0.28 0.24 0.28 0.38 0.28 0.31 0.94
Els ESR/Q 139.79 67.11 4342 1271 38.77 6292 8444 79.83 4146 6536 18.13
Rt/ Q 139.46 66.81 43.12 12,27 3849 62.68 84.16 7945 41.18 65.05 17.19
Cp/Fgt 68.95 84.84 97.42 12190 58.03 54.22 96.03 104.85 113.92 6599 64.94
CV Cyp/Fg? 66.23 82.80 9240 104.31 8182 8141 8899 9539 116.73 86.52 84.30
Cp/Fgt 58.80 85.95 96.04 107.18 61.13 53.23 9149 98.87 218,58 73.28 7199
GCD P/ W kg 142.65 142.97 144.87 1535 14533 136.4 146.12 147.57 155.67 143.22 136.71
E/Whkg?! 2.90 4.30 4.88 5.84 3.12 2.51 4.73 5.24 10.96 3.69 3.53
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Cyclic voltammetry (CV)

CV measurements were conducted within a potential window from 0 to 1 V and scan rates of
1 mV s, Figure 8 shows that all SC cells have similar rectangular shapes, typical for an electrical
double layer SC [59]. The capacitive performance (Csp values were calculated using equation (5)) is
dependent on irradiation doses and radiation modalities applied on the AC powder. The area of the
CV-curve that determines the SC cells performance increases with increasing doses from 0 kGy
(ACC-00 electrode) until 1 kGy for the ACCD and ACCF electrodes. However, the SC cells performance
decreased at overdoses of 3 and 6 kGy for both ACCD and ACCF electrodes. The ACCD-01 and ACCF-
01 SC cells exhibit the largest CV area than others, translating into the most significant Csp values
(Table 4). At the low CV scan rate, the Cs, represents peak values because the conducting electrolyte
ions have more time to penetrate deeper into available electrode pores and form electric double
layers. The trend of increasing, decreasing and exhibition of maximum at 1 kGy of the Cs, values in
CV analysis follows the EIS analysis.

A 015 B 020
i < 0.10
oo [T
< 0.05 <
8 5 0.00
$ 0.05 &
3 3 -0.10
—ACC-00 ACCD-0.1 —ACCD-0.5 ~—ACC-00 —ACCF-0.1 —ACCF-0.5
—ACCD-01 —ACCD-03 —ACCD-06 —ACCF-01 —ACCF-03 —ACCF-06
-0.15 -0.20
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Cell voltage, V Cell voltage, V

Figure 8. Cyclic voltammograms at 1 mV s for SC cells made from: (A) direct radiation modality, ACCD
samples, and (B) filtered radiation modality, ACCF samples, at different irradiation doses. The SC made from
non-radiated ACC-00 are shown on both sides for reference

Galvanostatic charge-discharge (GCD)

The current density is an essential factor for SCs as it directly characterizes capacitive behavior.
The GCD curves of the SC cells are shown in Figures 9(A) and 9(B) at a current density of 0.7 A g™*.
The curves show a triangular shape and exhibit small IR drops (the voltage drop due to inner
resistance at the initial stage of the discharge process), which are typical for carbon-based materials.
The charge-discharge capacity that determines the performance of the SC cells were calculated
using equation (6), (7) and (8) for Csp, P and E parameters, respectively. The upward trend (Csp, P and
E values) with irradiation doses is similar to previous EIS and CV analysis; the values peaked at 1 kGy
and decreased for 3 and 6 kGy (Table 4). The relationship between E and P of the SC cells
(Figures 9(C) and 9(D)) shows the significant overall performance gain of SC cells made from ACCD-
01 and ACCF-01.
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Figure 9. GCD curves at 0.7 A g™ for SC cells made from: (A) ACCD and (B) ACCF electrodes, where ACC-00
are present on both sides for comparison; (C) and (D) their respective Ragone plots

Conclusions

Based on the results obtained in this study, the electrochemical performance gain by ACCD and
ACCF SC cells can be attributed to increasing lattice defects, mesopores improvement over
micropores (Smeso/Smicro) and an increasing degree of disorder (/o//s). In visual identification through
N, adsorption-desorption isotherm curves and FESEM pictures, it is hard to identify the radiation
effect because it is the intrinsic nature of carbon structures. However, the radiation effects are
elucidated in XRD (the changes in the lattice parameters), Raman (defect parameter), FTIR
(reduction of individual functional group bonds) and in the electrochemical analysis. This study
indicates that lattice defect modification in the AC is vital, as well as the AC electrode surface area
in improving the SC performance. Both ACCD and ACCF electrodes have almost equal Sger as the
ACC-00 electrode. However, the SC made from ACCD and ACCF electrodes have better overall
performance than SC made from ACC-00. The use of a filter to increase the composition of the
secondary electron (as in ACCF) has shown significant improvement in the electrochemical
performance (up to 51, 47 and 1.4 % increase in Csp, E and P, respectively, in the GCD analysis) at 1
kGy of optimal exposure dose (ACCF-01 compared to the ACCD-01). The SC made from ACCF-01 has
better overall performance than SCs made from other electrodes such as ACCFs, ACCDs and ACC-
00. The defect created on the AC lattice is more assertive when deterministic radiation modality
(filtered) is used than stochastic radiation modality (direct). It can be concluded that the importance
of secondary electrons composition in the radiation field and the optimal dose of 1 kGy have an
influential role in this study pretreatment of the ACs.
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