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Abstract

We have developed high performance supercapacitor electrodes while demonstrating
that using one-step simple industry friendly activation technique, precise control over
pore size distribution can be obtained from natural resource. Irrespective of the same
staring material, natural anthracite, the obtained samples exhibited two distinctly
different pore size distributions exploiting the size differences of the activating agents,
which are potassium (KOH) and sodium (NaOH) ions respectively. This precise control
over pore sizes enabled us to obtain an unprecedented observation of 136%
enhancement of energy density while there is no loss of power density was observed.
This unique observation is a result of almost no loss in ion diffusion properties within
the electrodes, irrespective of the change of electrolyte to more viscous ionic liquid
(Ethyl-Methyl Imidazolium Tetrafluoroborate) from a less viscous aqueous and organic
based electrolytes. This size-selective activation enabled us tailoring a highly desirable
pore size distribution, a combination of bigger micropores and smaller mesopores. This
not only provided very high specific surface area of 2934.60 m*/g with a total pore
volume of 1.33 cm¥/g, and highest capacitance (198.15 F/g) in aqueous electrolyte, it
has also resulted in very high energy density of 82.93 Wh/kg and high power density of
~3487 W/kg.
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1. Introduction

The ever-increasing demand for energy has led the researchers around the world to
develop advanced energy storage systems. This issue redirected a lot of focused
research efforts on the performance improvements of different type of energy storage
devices, such as lithium or sodium ion batteries, fuel cells, and the supercapacitors.
Among these, supercapacitors are considered the strongest contenders for high-power
applications [1-4]. Electrical double-layer capacitors (EDLCs) are the type of
supercapacitors which store energy by pure electrostatic process with no chemical
reaction or charge transfer (Faradaic) involved, which has established EDLCs as most
electrochemically stable type of supercapacitors with thousands of cyclic stability. Also,
pure electrostatic interactions are much faster than faradaic processes, which enables
EDLCs having high-power density, and hence EDLCs hold strong promise for energy
storage applications [5]. The aforementioned advantages strongly depend on the
electrode materials of carbon-based supercapacitors that requires a high specific surface
area accessible to ions and a suitable pore size distribution [6]. A remarkable number of
different type of porous carbon materials with large surface area, such as graphene,
carbon nanotubes, carbon nanofibers and almost all type of activated carbon sources
have been investigated to check their performances as electrodes for EDLCs
applications [7-9]. To date, activated carbons have been the material of choice for the
supercapacitor electrode fabrication mainly due to their low cost, high specific surface
area and excellent stability [10].

The majority of available activated carbon materials are prepared by physical and/or
chemical activation of various carbon-rich precursors [11]. In physical activation, the
precursors are first carbonized, then followed by an activation step with steam or carbon
dioxide [12]. In chemical activation, the precursors are impregnated with an chemical
reagent and followed by a heating process under an inert atmosphere [13]. Several
researches showed that KOH or NaOH-activation method as the most common
manufactory route to produce micropore-rich, high pore volume, and large surface area
activated carbon [14—18].

Besides, the nature of materials used as precursor is considered a key parameter
governing the production of high quality activated carbons lies on the possibility of

obtaining functional materials in the different application. More recently, activated



carbons from different anthracite have been used in supercapacitor applications yielding
different energy density values in different electrolytes [19-23]. Nevertheless, most of
them exhibit low energy density because of their low specific surface areas and/or
inappropriate pore structure. While low surface area reduces over all capacitance
regardless of the choice of the electrolytes, on the other hand lack of suitable porosity
limits use of different non-aqueous electrolytes such as ionic liquids, electrolytes with
organic solvents. These non-aqueous electrolytes generally possess much higher
viscosity, especially ionic liquids are of the most viscous in nature having the difficulty
to diffuse through small pores, and hence limits pore accessibility which in turn
decreases capacitance. Whereas organic solvents are less viscous in nature and hence
easier diffusion compared to the ionic liquids, but this advantage in ionic transport
comes at the cost of compromise in the operating potential windows. This is not
desirable as higher operating voltage of a capacitor and leads to significant enhancement
of energy, since the energy density increases with the square of the operating voltage.
Even though ionic liquids have disadvantages in terms of ionic mobility, they can
provide stable operating potentials more than 3.5 V and hence much higher energy
densities [24,25]. Moreover, most of the organic solvents are limited to potential
windows under 2.7 V [26] and aqueous electrolytes are limited to even lower potential
window up to 1.2 V, which is the water decomposition potential [27]. Ionic liquids offer
greatly enhanced operation safety at high temperatures applications (=60°C) [28,29].
Therefore, fabrication of electrodes with pore size distributions suitable for ionic liquids
is of great importance, which demands precise control over pore creations within a
porous electrode. Also, pore sizes are of utmost importance when we consider anions
and cations of different sizes, as pore size plays a decisive with respect to adsorption
within a pore and hence directly controls the amount of charge storage within the
system [30].

When we consider different porosity, we know that ultra-micropores maximize surface
area but they suffer from slow ion diffusion speed, whereas bigger mesopores provide
very fast ion transport, but they suffer from poor material density and overall low total
surface area. Therefore, a combination of bigger micropores and smaller mesopores are
the key to obtain optimum energy density and power density [31]. However, achieving
this pore combination is not straightforward, and therefore highly microporous

conventional activated carbon deliver unsatisfactory performance with highly viscous



and low diffusivity ionic liquids in the porosity curtailing the performance of
supercapacitor device [32]. Pore size distribution of an activated carbon depends upon
many parameters, such as activating agents, the nature of starting material and
obviously on the activation process.

Therefore, in this work we have carefully chosen a Moroccan anthracite, which is of
high crystallinity and of high purity, to get rid of unwanted defects which results in
uncontrolled porosity, which may not be appropriate for the ionic liquid in concern.
Hence, unwanted pores would increase the amount of dead volume of the material
contributes to reduction of the material density which in turn compromises volumetric
capacitance, mechanical strength and over all conductivity of the electrode materials.
For these reasons an empirical approach was adopted for the investigation of the
experimental conditions of activated carbon preparation using two different activating
agents containing two different elements K and Na of different sizes so as to assess the
conditions permitting better control over the sizes of the created pores. The as prepared
activated carbons samples were tested as supercapacitor electrodes using three different
electrolytes, which are 0.5M K>SO4 (aqueous electrolyte), 1M Et4NBF4+/ACN (organic-
solvent) and EmimBFs (ionic liquid). The obtained results have been discussed and
compared with respect to other cutting-edge research results.

2. Material and methods
2.1. Chemical activation of the raw anthracite

The raw anthracite (ANT-raw) collected from oriental region of Morocco (Jerrada), was
used as the precursor for production the activated carbons electrode supercapacitors.
Firstly, the dried raw anthracite was washed with distilled water and dried in an oven at
100°C for 24 hours, then crushed and sieved to retain the fraction between 500 and
1000 pm. A chemical activation method was employed to prepare activated carbon.
ANT-raw powder was first crushed and sieved, and then chemically activated using
potassium hydroxide (KOH) or sodium hydroxide (NaOH) as an activating agent. The
mass ratio of powdered ANT-raw to the activation agent 1/4 were taken, a 16 g of KOH
or NaOH lentils were directly mixed with a given amount of 4g of ANT-raw at room
temperature. This process was done in absence of water. After mixing, the resulting
samples were heat-treated under N flow of 600 cm?®/min at a 850°C for 1 hour with a

heating rate of 5 °C /min. Subsequently, the blended samples were allowed to cool



down to the room temperature under nitrogen flow. Finally, all the as-obtained activated
carbons were washed with HCI (SM) solution, then with deionized water again until
reaching pH value of the rinse reaches around 7. Such washing steps were required for
eliminating metallic potassium or sodium, any possible presence of excesses hydroxides
and soluble impurities in the char. The resultant material powder was dried for 24 h
inside an oven. The activated carbons prepared from ANT-raw were named as ANT-K-
ACT and ANT-Na-ACT, according to the activating agent utilized K for KOH and Na
for NaOH, respectively.

2.2. Characterization of the activated carbons

The activation temperature of the Moroccan raw anthracite was decided based on the
thermo-gravimetric and differential scanning calorimetry analysis using SDT Q600 TA
Instruments under a nitrogen flow. The activated carbon samples were comprehensively
characterized in order to determine the structural and textural properties. The sample
morphology was investigated by scanning electron microscopy (SEM, Model SH-
4000M) at an acceleration voltage of 15 kV. The crystalline structure was examined by
X-ray diffraction (XRD) analysis using Brukereco D8 Advance diffractometer. Raman
spectroscopy (LabRAM HR Raman spectrometer) study was carried out to understand
the crystallinity of graphitic planes and disordered region of the prepared activated
carbons. The porous characteristics were analyzed using N> adsorption isotherms
measured at 77 K using Micromeritics ASAP 2020 apparatus for relative pressure
values (P/Po) ranging between 10-8 and 0.90. The specific surface area was obtained
according to the Brunauer-Emmett-Teller theory (Sger) [33], considering the molecular
cross-sectional area of N» at 77 K to be 0.162 nm?. Before analysis, the all samples were
degassed during 4 hours at 523 K. The total pore volume (V) was obtained from the N2
adsorption at P/Po= 0.90. Thus, the micropore volumes (Vuk) were determined by the
Horvath—Kawazoe equation [34] for samples based on the N> isotherm adsorption data.
Mesopores volume, Vmeso, Was calculated from the difference between Vr and Vuk [35].
The density functional theory (DFT) method assuming a slit pore geometry was applied
to obtain the pore size and energy distribution [36].

2.3. Electrochemical measurements

The electrochemical characterization of as-prepared materials were studied by Cyclic

Voltammetry (CV), and Galvanostatic Charge-Discharge (GCD) and Electrochemical



Impedance Spectroscopy (EIS) using a computer controlled potentiostat (Biologic
VMP3, France). The working electrodes were fabricated using a mixture containing 70
wt. % of the as prepared activated carbons, 7 23 wt. % carbon black as a conductive
agent, and 23 7 wt. % polytetrafluoroethylene (PTFE) binder dispersed in ethanol. After
pressing a rectangular carbon plate on a stainless steel mesh, it was dried in an oven at
60°C for 24 h. The electrochemical measurements were performed in a three-electrode
configurations using 0.5 M K>SOy as the electrolyte. The CV and the GCD experiments
were carried out from the potential range of -1.0 to 0 V (vs. SCE) at various scan rates
and different specific current denstties. The specific capacitance values were determined

from discharge curve of the GCD using the following equation (1).

IXAt

CSp - mxAV Eq ()

Where Cs, (F/g) is the specific capacitance of the material, I (A), t (s) and m (g) are the
discharge current, discharge time, and the effective mass loaded on a single working
electrode, respectively. V (V) refers to the potential change excluding the voltage drop
within a given time t. In order to study the potential of the materials from a practical
application point of views, the electrode materials were studied in two-electrode
configuration as well using both organic and ionic liquid electrolytes. Symmetrical
electrochemical capacitors were built using two carbon electrodes of similar mass and
electrically isolated by glassy fibrous separator (Whatman, 50 um). The organic-solvent
and the ionic liquid electrolytes was 1M tetraethylammonium tetrafluoroborate in
acetonitrile (E4NBF4+/ACN) and 1-ethyl-3-methyl imidazolium tetrafluoroborate
(EmimBF;), respectively. From the GCD, the total specific capacitance C; (F/g) in a
symmetrical system was determined using equation (1) replacing (m) by the mass of the
two electrodes. The values of the specific energy E (Wh/kg) and specific power P

(W/kg) were calculated using equations below, respectively [37]:
E=2XxCx (AV)? Eq()
E
P=-EqQ@)

3. Results and discussion
3.1.  Textural and structural properties of the activated carbons

Fig. S1 (Supporting Information) shows both the thermal gravimetric analysis (TGA)

and differential scanning calorimetry (DSC) profiles, obtained from Moroccan raw



anthracite. A remarkable thermal stability was observed for the studied anthracite due to
its graphitic structure. When this raw coal was heated up to 900°C under nitrogen, a
very little weight loss of only about 12% was observed. The first weight loss of 5 % and
an endothermic peak, were observed within temperatures ranging from 40 °C to 190 °C,
which are attributed to the released of volatile matters and moistures [38]. This indicates
that content of the volatile matter is low, confirming good quality of the coal. The
second decomposition stage of the profile showing a weight loss of 7% within a
temperature range, from 500 °C to 700 °C, due to the depolymerization of the ANT-raw
macromolecular network by cleaving weak covalent bonds [39,40].

Elemental analysis results are presented in Table 1, approved the high carbon content of
the Moroccan raw anthracite (87 wt. %) and the low volatile matter content, in
agreement with our TGA analysis (Fig. S1, Supporting Information). These result
indicated the high purity of the studied anthracite according to the coal characteristics
classification guideline following International Organization for Standardization; ISO
11760:2018 [41]. This finding suggests the advantage of using this anthracite as
precursor for activated carbon. Note that during activation process, the oxygen content
increased considerably while carbon content decreased. This could be due to surface
oxidation by KOH and NaOH during the activation. This means that carbon release is,
apparently, driven by the formation of oxygen functional groups leading to formation
of CO and CO> as reported by M.A. Lillo-Rédenas et al [42]. Additionally, it is
interesting to note that the percentage of the sulphur in the activated carbon product is
decreased from 0.86 wt. % for the ANT-raw sample to 0.27 wt. % for the ANT-K-ACT
and removed for the ANT-Na-ACT.

Table 1 Elemental analysis of the ANT-raw and the prepared active carbons.

Elements (wt.%)

Sample
Carbon Hydrogen Nitrogen Oxygen Sulphur

ANT-raw 87.32 2.39 0.98 7.46 0.86

ANT-K-ACT 73.05 1.70 0.32 1735 027

ANT-Na-ACT 68.03 1.23 0.30 25.30  0.00




The surface morphology of ANT-raw and as-prepared activated carbons was observed
by SEM as shown in Fig. S2 (Supporting Information), where ANT-raw exhibits a
compact and dense surface (Fig. S2a). Whereas, after activation the SEM images of
ANT-K-ACT and ANT-Na-ACT samples (Fig. S2b and d, respectively), show irregular

and heterogeneous surface morphology displaying pores with different sizes and shapes.

X-ray diffraction and Raman spectroscopy were used for further investigation of the
crystallographic structure of the ANT-raw and the as-prepared activated carbons. As
shown in, Fig. 1a, the ANT-raw present two broadened diffraction reflections, which
were centered at around 26=25.6° and 43.5°, respectively. The two reflections are
analogous to the (002) and (100) planes of graphite, showing their dominant features of
amorphous carbon [43]. After activation, the peaks of (002) and (100) have been
markedly broadened and their intensities decreased dramatically for all the samples,
indicating reduced crystallinity and a lower degree of graphitization in the as-obtained
activated carbons, resulting in defect generation and hence pore creations due to the
activation by KOH and NaOH during the chemical etching process. The Raman spectra
in Fig. 1b of the all the as-prepared activated carbons and the ANT-raw exhibit two
notable peak positions at 1330 cm™ and 1598 cm!, corresponding to the D (vibration of
disordered sp® carbon) and G bands (ordered sp® carbon) respectively [44]. Raman
spectra revealed increased value of Ip/Ig intensity ratio for the activated carbon samples
compared to that of ANT-raw sample. This also confirms the reduced crystallinity of
the structure within the ANT-raw samples [45], which is in good agreement with the
XRD results. As reported previously, numerous defects on the carbon layers can alter
the surface morphology, contributing thus to increase the total surface area and hence
EDLCs. Therefore, as-prepared activated carbons with higher defect densities are
expected to exhibit higher capacitance [46]. These defect densities are expected to be
highly dependent on the nature activating agents used (as we discussed earlier) and we
expect to obtain a tailored porosity thanks to this controlled pore creations by using two

different agents (KOH and NaOH).
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Fig. 1 (a) X-ray diffraction patterns and (b) Raman spectra of the prepared active
carbons and the ANT-raw.

The porous structures of the activated samples were investigated by N> adsorption
isotherms. As expected, the obtained results very much follow the pore size
distributions profiles as presented in the Fig 2. Notably, all the obtained isotherms are
characteristic of type I, showing similar adsorption behavior at the low relative pressure
range (P/P° < 0.05), confirming the presence of abundant micropores (pore width < 2

nm) for the studied samples [47].
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Fig. 2 Nitrogen adsorption isotherms measured at 77K for the prepared activated
carbons.
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The isotherms allow extraction of values the BET surface area; Sger, the micropore
volume; Vg, the total pore volume; Vr, and the microspore’s contribution to the total
pore volume; Vuk/Vr ratio, as summarized in the Table 2. From the table, we can see
that the ANT-K-ACT sample produced by physical mixed KOH showed the highest
Seer and Vr up at 2934.60 m?/g and 1.33 cm?/g, respectively. However, the activation
by NaOH produced smaller surface areas and lower pore volumes compared to that of
by KOH (Table 2). The Vux/Vr ratio confirms that the two samples are essentially
microporous, the micropore volume constituting more than 87% of the total pore
volume for ANT-K-ACT, also achieved 94% for the ANT-Na-ACT.

Table 2

Sample Surface area (m?/g) Pore volume (cm?/g)

SBET S%mic Vool Vuk Vimes Vux/Vt (%)

ANT-K-ACT 2934.60 2110.19 1.33 1.16 0.17 87.21

ANT-Na-ACT 1199.62 1096.85 0.50 0.47 0.03 94.00

# Calculated from the DFT equation applied to the N> adsorption isotherms.
® Determined at P/Po = 0.90 in the N, adsorption isotherms.

Fig. 3 shows the pore size and surface energy distributions calculated by the Density
Functional Theory (DFT) method. the ANT-K-ACT exhibits a much desirable pore size
distribution (Fig. 3a), & with a narrow peak centered at pore diameter width of 7.5 A
and the other one is a wider peak with its broad shoulder around 21.5 A, and a tail
spread over smaller mesoporous (~20 - 36 A) region in between these two dominant
peaks, the sample shows a considerable amount of large micropores (10 — 20 A), and
this combination is considered as very favorable pore size distribution for
supercapacitor application. On the contrary, the ANT-Na-ACT sample exhibited a
distinct peak only at 9 A, and an extended tail of lower magnitude in the bigger
micropore to smaller mesopore regions, as shown in the Fig. 3a, As a result, as we can
observe from the Table 2, that KOH activated samples have a total specific mesoporous
pore volume of 0.17 cm?/g, compared to that of only 0.03 cm?/g from the NaOH
activated samples.

These favorable relatively larger pores obtained with KOH activated samples can be
attributed to the larger radius radit of the K ion (220 pm), compared to that of the Na

ions (180 pm). Larger K ions are expected to cause more widening of the interlayers
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during activation. Thus, the creation of microporosity in carbon materials via chemical
activation is partly attributed to partial gasification and expansion of the interlayer
spacing’s between graphitic planes through consecutive intercalation and deintercalation
of Kor Na [48]. As result, KOH activated samples present not only favorable pore sizes,
but much higher total surface area (2934 m?%g) in comparison with NaOH activated
samples (1199 m?%/g), as indicated in the Table 2.

On the other hand, it’s well known that the adsorption isotherms of the porous materials
are strongly dependent on the structural heterogeneity of the adsorbent’s surface sites
and their surface energy distribution. The measured isotherms allow further
determination of surface energy distribution of the activated carbon samples, calculated
using the DFT equation. As shown in Fig. 3b, a wide distribution of the surface energy
has been obtained, suggesting existence of the different type of adsorption sites,
associated with different types of accessible pores (i.e. ultramicropore, micropore and
mesopore) [49,50].
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Fig. 3 (a) Pore size distribution and (b) surface energy distribution
determined for the prepared active carbons using DFT calculations applying in N»
adsorption isotherms.

2.1.  Electrochemical measurement

At first, the electrochemical performance of the as-prepared materials was evaluated
were-evalaated by a three-electrode system in 0.5 M K>SOy electrolyte. Fig. 4a displays
CV curves of all the samples at a scan rate of 2 mV/s in a voltage window from —1 to
OV versus SCE. The CV curve of the ANT-raw sample exhibited a triangle-shaped
current-voltage (I-V) profile with low area between the charge-discharge curves of the
CV, indicating poor charge storage capacitance. After chemical activation, all the
samples exhibited approximately rectangular shape, suggesting enhanced capacitive
behavior. Notably, the CV curves do not show any distinct peak, which indicates the
absence of strong pseudocapacitive phenomena, thanks to the high purity of the
anthracite samples. The ANT-K-ACT exhibited the largest area for the CV loops among
all the samples, implying its excellent charge storage properties. CV curves of the ANT-
K-ACT and ANT-Na-ACT electrodes at different scan rates from 2 mVs™' to 50 mVs'!
are displayed in Fig. 4b and c, respectively. From the CV results, it can be clearly found
that the electrode materials obtained similar rectangular shapes at the lower scan rates,
confirming that the capacitance obtained was mainly due to double-layer capacitor
nature of the charge-discharge process. However, the rectangular CV curves is slightly
distorted at a scanning rate of 50 mV/s, which indicates the smooth motion of
electrolyte through the pores gets affected slightly because of reduced time for higher
scan rate sweeps [51]. Fig. 4d showed the GCD plots at different specific current
denstties. The charging and discharging curves exhibited linear and symmetrical shapes
at the tested specific current denstties, suggesting they possess excellent electrochemical
reversibility, which is highly desirable for EDLCs. In addition, no obvious potential
drop is observed from the GCD curves, further confirming the good electrical
conductivity of the electrodes. According to the Eq (1), the specific capacitance of the
samples plotted against the specific current density in Fig. 4e, decreased for both the
samples with increased specific current density because of the obvious diffusion
limitations of electrolyte ions within the pores of the material. It can be clearly observed

that the capacitive performance, both in terms of the specific capacitance and rate
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performance, showing better performances for ANT-K-ACT sample than others. The
highest specific capacitance values of up to 198.15 F/g and 135.19 F/g at 0.1 A/g and 2
Al/g specific current densities respectively, thanks to the higher specific surface area of
ANT-K-ACT sample as indicated in Table 2.

To better investigate the resistance of the electrodes, EIS test was used to characterize
the impedance and ion diffusion process of ANT-K-ACT and ANT-Na-ACT electrodes.
Fig. 4f shows the Nyquist impedance spectra obtained in 0.5 M K2SOq electrolyte at a
frequency range from SmHz to 500kHz. As expected, both electrodes showed a typical
behavior of capacitive and porous interfaces i.e. at high frequencies, a depressed semi-
circle, followed by an inclined line in the mid-region of the frequencies (Warburg
region) and a straight line which is almost parallel to the imaginary axe of the
impedance at low frequencies region. Furthermore, one can notice that the ANT-K-ACT
sample exhibits a small diameter for the semicircle in the moderate frequency region,
smaller Warburg portion at middle frequency range (inset in Fig. 7b) and a straight-line
slope close to 90° degrees at the low frequency region, demonstrating fast charge
transfer and good capacitive behavior, which is again in agreement with the results
obtained from CV and GCD. This is ascribed to the good textural properties of the the
ANT-K-ACT, including high specific surface area and suitable porosity for the
electrolyte ions. However, the predominated micropore of ANT-Na-ACT as indicated
by a large fraction of Vmicro (94%) greatly impedes the ion transport due to its long
and torturous channels, giving rise to a large internal resistance and poor capacitive

performance.
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Fig. 4 Electrochemical performance of the as-prepared samples in 0.5 M K>SO,
electrolyte, (a) CV curves at a scan rate of 2 mV/s, (b) CV curves at various scan
rates of the ANT-K-ACT, (c) CV curves at various scan rates of the ANT-Na-
ACT, (d) galvanostatic charge/discharge curves at a specific current of 1 A/g, (e)
specific capacitances at various specific current (0.1-2 A/g) and (f) Nyquist plots.

It should be pointed out from the practical point of view, that the aqueous electrolyte
based supercapacitors is limited due to their low cell voltage cannot be raised beyond
the water decomposition potential. However, evaluation of supercapacitor performances
in aqueous electrolyte, only, is not sufficient enough to conclude with respect to its
performances as an electrode. Not only because aqueous electrolytes are limited by their
limited potential window (1.2 V), but also other electrolytes, such as organic
electrolytes and ionic liquids provide more challenges in terms of ion diffusivity, as
these electrolytes are more viscous in nature, and hence reduced ionic conductivity

regarding their larger ion sizes compared to aqueous electrolytes.

15



Therefore, in order to determine the true potential of the studied electrodes, the
electrochemical performance of the both ANT-K-ACT and ANT-Na-ACT samples have
been investigated using a two-electrode system in two different type of electrolytes. 1M
Ets«NBF4#/ACN and EmimBF4 used as organic-electrolyte and ionic liquid electrolytes
respectively.

In order to determine the operating voltage limit, the CV at a scan rate of 20 mV/s was
carried out in different voltage ranges for a symmetric capacitor based on identical
electrodes from the ANT-K-ACT and ANT-Na-ACT in the both electrolytes types. Fig.
5 shows the CV obtained in 1M EtsNBF4/ACN E#4NBE4/CAN-and EmimBF4. It was
found that, in an ELNBF4/ACN medium, an ideal behavior with a rectangular CV shape
and of not present any distinct peaks using an operating voltage of 2.5 V. Whereas the
shapes of the CV curves remain rectangular up to 3.5 V for EmimBF4 electrolyte,
indicating the excellent electrochemical stability. Here, it is highly interesting to
observe comparatively narrower shapes of CVs for the Na-activated samples (Fig. Sb
and d) both in the 1M EuNBF4/ACN E4NBE4/CAN and EmimBFs electrolytes,
whereas the CV shapes are significantly wider rarrewer for the latter case (Fig. 5d).
This is a clear indication of better charge storage performance of the K-activated

sample.
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Fig. 5 CV curves at a 20 mV/s of the symmetric two-electrode cell at different voltage windows
in 1M EuNBF4/ACN of the ANT-K-ACT (a), ANT-Na-ACT (b) and in EmimBF; of the ANT-
K-ACT (c), ANT-Na-ACT (d).

The GCD tests were performed to evaluate the specific capacitance and to assess the
energy and power performance for both the ANT-K-ACT and ANT-Na-ACT samples,
assembled symmetric two-electrodes configuration. Fig. 6 shows comparative rate
performances of both the ANT-K-ACT ANFNa-ACTF (Fig. 6a) and ANT-Na-ACT
ANTFK-ACT (Fig. 6b) samples in both the EuNBF4+/ACN and EmimBF;s electrolytes.
Capacitance retentions, (C/Cop in %, while Co is initial capacitance and C is measured
capacitance at different specific current densities), were plotted against different
specific current densities and it’s been observed that ANT-K-ACT samples shows an
excellent C/Co, more than 88%, whereas ANT-Na-ACT samples’ C/Co drops down to a
value approximately 82%. However, when we look at the performance in the ionic
liquid electrolyte, we can clearly see that ANT-K-ACT samples significantly
outperforms ANT-Na-ACT samples by maintaining a C/Co value of 72%, whereas in
the latter case the C/Cp value drops down to only 12%. This observation is very
important and most significant in terms of describing the porosity of the ANT-K-ACT
samples, it can be clearly observed that fer even for a higher viscous medium we could
obtain much faster charge transport compared to that of ANT-Na-ACT samples, thanks
to the comparatively bigger pore size distribution of the ANT-K-ACT samples, as we
have shown in Fig. 3a. Also, maintaining high C/Cy value strongly indicates a good

interconnected porosity within the sample.
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Fig. 6 Comparative rate performances of both the ANT-K-ACT (a) and ANT-Na-
ACT (b) samples in both the EtsNBF+/ACN and EmimBF; electrolytes.

The above observed trend followed when the materials were compared in terms of
specific energy density and specific power density of the supercapacitor. Fig 7a and b
show ragone plots for both the ANT-K-ACT (Fig. 7a) and ANT-Na-ACT (Fig. 7b)
samples in both the EtsNBF+/ACN and EmimBF. electrolytes. The ANT-K-ACT
electrode clearly shows best electrochemical performances compared to ANT-Na-ACT
samples in both type of electrolytes.

Irrespective of power values, the ANT-K-ACT-based supercapacitor in EmimBF4
electrolyte exhibit higher specific energy densities by comparison to the E&4NBF4+/ACN,
due to the potential window being extended to 3.5 V in EmimBF4 electrolyte. An
unprecedented 136% enhancement of specific energy denstty was observed without any
loss of specific power densities. The highest specific energy density value of 82.93
Wh/kg was obtained in EmimBF4 at a specific power density of 440.32 W/kg, and
maintained an specific energy-density of 58.11 Wh/kg at a specific power density of
~3487 W/kg. Both these performance values are better than that of using EtsNBFs#/ACN
EuNBEZCAN electrolyte for both the ANT-K-ACT and ANT-Na-ACT (Fig 7b) based

supercapacitors.
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Whereas, it is very important to observe that the performance of ANT-Na-ACT based
supercapacitor presented lower performances when tested in EmimBFs electrolyte,
which is in strong agreement with the rate capability performances as shown in Fig. 6.
Hence, KOH activated samples seems to present an appropriate porosity as compared to
that of NaOH activated samples, resulting in better performance in the presence all type
of electrolytes. In addition, the energy—power characteristics of ANT-K-ACT based
electrodes have been compared to those of state-of-the-art porous carbon synthesized
from various materials based on total mass of active material in two electrodes (Table
3). Accordingly, the ANT-K-ACT based electrodes revealed promising potential
compared with several activated carbons, as indicated by the values of specific energy

and specific power, slightly lower than other carbon-based materials such as graphene

and carbon nanotube-bridged graphene 3D. Aeeerdingly—and—to—the—best—of—our

The cycling stability of the ANT-K-ACT electrodes (Fig 7c¢) were performed to

examine their electrochemical stability in both the EuNBF4/ACN and EmimBF4
electrolytes at 1 A/g specific current density shows there are no significant decreases in

specific capacitance values after 2000 cycles.
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Fig. 7 Ragone plots for both the ANT-K-ACT (a) and ANT-Na-ACT (b) in both
the EtsNBF4#/ACN and EmimBF; electolytes. (c) Cycling performance plot of
ANT-K-ACT symmetric supercapacitor in IM Et4NBF+/ACN and EmimBF4

electrolytes.
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Table 3 Performance comparison of activated carbon based derived electrodes under
three-electrode in aqueous electrolytes and two electrode cell system assembled with non-

aqueous electrolytes.

Electrode Surface Electrolyte Capacitance  Specific  Specific  Reference
materials area (voltage/V) (F/g) power energy
(m’/g) (W/kg)  (Wh/kg)
EmimBF, 42
(3.5V) (1 Alg) ~1312 72.51
M M 38
N, 2934 BLNBFJ/ACN 0 e <1250 3332 This work
anthracite 2.5V) g
0.5M 148 B B
K>SO4 (1 Alg)
1M 35
. LiPFs /EC:DMC 2234.2 31.0
1.75 A/,
Ind‘lizsiake 1413 2.5V) ( & [53]
1M 381 B B
H>SO4 (1.7 Alg)
EmimBF, 20
) 2.5V) (0.1 Alg) 126 17.4
Rice-straw raw 1007 [54]
1M 304 B B
H>SO4 (1A/g)
EmimBF, 31
150 40
Aloe vera 1890 3BV) (0.1 Alg) [55]
M 347 B B
H>SOq4 (1A/g)
Capsicum (bell EmimTFSI 29
pepper) seeds 2201 (3V) (0.5 A/g) 600 37 561
.. . 43
Lignin 2866 Gel PVA/LiCl (0.5 Alg) 1100 55.50 [57]
EmimBF, 21
Orange Peel 2160 1185 25 58
£ (3v) (1 Alg) ]
BMPYTFSI 16
Nanocellulose 1510 1000 21 59
(3V) (5 Alg) 9]
1.8M 41
Raw hemp stem 2801 TEMABF./PC 21000 19.8 [60]
(1 A/g)
2.5V)
BmimBF, 97 1800 55
N-doped (3.5V) (1 Alg)
203 [61]
graphene M 390 B B
KOH (1A/g)
BmimBF+/ACN 41.5
Graphene 2400 (3.5V) (5.7 Ale) 250000 70 [62]
EmimTFSI/ACN 43.5
Graphene 3290 (3.5V) (4.2 Ale) 338000 74 [63]
Carbon
nanotube- BmimBF,4 49
bridged graphene 471 4V) (0.5A/g) 400000 10.6 [64]
3D
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4. Conclusion

We have obtained an activated carbon with high surface area with precisely controlled
porosity through a simple industry friendly process, resulting in excellent
supercapacitive performance with high energy density. We have obtained a highly
desirable pore size distribution, which is a combination of bigger micropores and
smaller mesopores, which resulted in similar ion transport irrespective of viscosity and
ion sizes of the electrolytes, leading to enhancement of energy density while keeping the
excellent power performance, unlike the generally observed natural trend. While
exploiting the difference in K and Na ion sizes has enabled us obating two distinct and
exclusive pore size distributions, at the same time thanks to the high purity of the
carbon source, the obtained activated carbon materials remained free of unwanted
functional groups, and provided excellent EDLC signature without noticeable
pseudocapacitance. These result might paves the way for further valorization of local

resources in technologically added value related to energy storage devices.
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