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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Development of supercapacitors derived 
from melon peels waste.

• Highly performing ionic liquid-based gel 
polymer electrolytes.

• Optimized activation of biomass waste 
via chemical and physical processes.

• Up to 3.9 V stability window of gel 
polymer electrolyte.

• 31 Wh/kg specific energy and 860 W 
kg− 1 power density.
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A B S T R A C T

Semi-solid-state supercapacitors employing highly porous activated carbon (AC) electrodes are promising, cost- 
effective, and environmentally friendly energy storage devices with exceptional power performance. In this 
work, for the first time in literature, we report a comparative study on different pre-treatments made on melon 
waste starting precursor to produce hierarchical large surface area porous AC. Also, for the first time in our 
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Biomass
Activated carbon

knowledge, a gel polymer electrolyte (GPE) consisting in lithium trifluoromethanesulfonate in ethyl-
methylimidazolium trifluoromethanesulfonate, with a high ionic conductivity (~3.3 × 10− 3 S cm− 1) and a 
working voltage window of ~3.9 V vs Ag/Ag+, was used. The supercapacitors were electrochemically charac-
terized with electrochemical impedance spectroscopy, cyclic voltammetry, and galvanostatic charge-discharge 
tests. The working voltage window of the device was optimized in the range of 0–2.3V. Hydrothermally pre- 
treated AC-based supercapacitor is characterized by the best performance in terms of capacitance (~161–170 
F g− 1), specific energy (29–31.34 Wh kg− 1), and power density (839–860 W kg− 1) at 1 A g− 1. Supercapacitors 
based on ACs pre-treated via hydrothermal and ethanol soaking outperform devices based on simple chemically/ 
physically ACs in rate performance, while hydrothermally pre-treated AC demonstrates superior stability over 
8000 cycles, exhibits initial 15 % capacitance fading and coulombic efficiency close to 99–100 %.

1. Introduction

Due to the globally increasing demand of versatile energy storage, 
devices such as supercapacitors and batteries have attracted significant 
attention in recent years [1,2]. In particular supercapacitors, with their 
high-power capabilities, are ideally suited for high-power pulse appli-
cations such as electric and hybrid vehicles, renewable energy systems, 
portable electronics, and industrial equipment [3,4]. Moreover, super-
capacitors are characterized by wide operating temperature range per-
formance, great cycling stability and low maintenance requirements [5]. 
These features make supercapacitors appealing for stationary and mo-
bile applications, either as buffer systems in conjunction with batteries 
or as standalone energy storage devices. Charge storage in super-
capacitors involves electric double-layer capacitance and 
pseudo-capacitance mechanisms to store and release energy [6]. Electric 
double-layer capacitance consists in the accumulation of electrolyte ions 
at the electrode-electrolyte interface, while pseudo-capacitance consists 
in reversible, unlocalized faradic charge-transfer reactions at the inter-
face, which directly affect the energy density of the device [6].

In past years, different carbonaceous materials have been employed 
to increase energy efficiency in energy storage systems, from super-
capacitors to metal-ion hybrid capacitors [7–9]. Activated carbons 
(ACs), carbon aerogels, carbon nanotube (CNTs), two-dimensional (2D) 
graphene, and carbon nanospheres, are some common supercapacitor 
electrode materials, due to their high ionic susceptible surface area and 
hierarchical porosity [7,10,11]. Because of the availability of precursor 
bio-waste materials, ACs are promising for manufacturing super-
capacitor electrodes. Difficult-to-dispose wastes, derived from private 
dwellings, mass industry, animals, municipal rubbish, are ideal options 
for developing cost-effective and environmentally friendly electric 
double-layer capacitors (EDLCs) [12]. Different bio-wastes such as co-
conut shell, bamboo, coffee bean, banana peels, eggshell, poultry litter 
are reported in literature as potential materials to develop ACs for 
supercapacitor applications [12–17]. ACs can be produced through 
chemical activation, physical activation, or a combination of chemical 
and physical activation of waste biomass [18].

Cucumis melo L., also known as melon, is a member of the Cucurbi-
taceae family and one of the most widely cultivated fruits in tropical 
regions worldwide [19,20]. Its consumption is associated with both 
nutritional benefits and bioactive characteristics [19,20]. According to 
the Food and Agriculture Organization Corporate Statistical Database 
(2018), China is the largest producer of melon, with nearly 12.7 million 
tons per year, while its worldwide production is estimated to be 40 
million tons per year [20]. Commercial processing of melon produces 
8–20 million tons of waste (peels and seeds) per year worldwide which 
could be potential feedstock for producing ACs/biochar for electro-
chemical energy storage devices [21]. The chemical composition of 
melon peels is rich in lignin (26.46 %), hemicellulose (8.2 %), cellulose 
(27.68 %), ash and protein [20]. It has been estimated that, among all 
fruits and vegetables, melon is characterized by one of the highest waste 
ratios, with 55.3 % of the total weight being discarded [22]. For this 
reason, giving a second life to melon waste is paramount.

Across the literature, different pre-treatment methods to prepare ACs 
have been reported, such as physical, chemical, biological, and 

physicochemical activation processes, which are beneficial to obtain 
ACs with different kinds of surface area and porosity distributions 
[23–27]. As reported in this work, pre-treatment of carbon waste ma-
terial with a hydrothermal process before activation appears as a 
promising step to prepare AC precursor. This approach proved to enrich 
carbon with oxygenated functional groups, improving the chemical 
activation of the precursor as compared to other pre-treatments [28]. 
Specifically, the hydrothermal treatment performed at moderate tem-
perature (less than 350 ◦C) and pressure (less than 20 bars) induces 
reactions like hydrolysis of hemicellulose and dehydration, increasing 
the carbon fraction and improving the morphological properties of the 
final material [28]. Another possible pre-treatment route consists in 
soaking the raw biomass in an organic solvent, such as ethanol, meth-
anol, butanol and tetrahydrofurfuryl alcohol, to remove lignin and 
hemicellulose from the lignocellulosic biowastes. This pre-treatment 
route significantly modifies the physical properties of ACs, in terms of 
specific surface area and porosity, and consequently can enhance, in 
combination with a proper electrolyte, the performance of the electro-
chemical devices [29–32].

To employ ACs in electrochemical energy storage devices, devel-
oping an optimized electrolyte is fundamental. In the latest years, gel 
polymer electrolytes (GPEs) have drawn significant attention for their 
application in supercapacitors, due to their notable properties, such as 
wide electrochemical working window, appropriate ionic conductivity 
(10− 3 S cm− 1), broad thermal stability, and safety [2]. These features 
make GPEs a compelling alternative to traditional aqueous electrolytes, 
which suffer with low working voltage windows. Additionally, GPEs 
avoid the high flammability and volatility concerns associated with 
organic electrolytes, enhancing safety in operational environments [2]. 
Typically, GPEs consist in liquid electrolytes/ionic liquids (ILs)/salts 
dissolved in organic solvents, embedded in a host polymer matrix such 
as Poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), 
Polyethylene oxide, Polyvinyl alcohol, Poly(methyl methacrylate), Pol-
yaniline, Poly(vinylidene fluoride) [33]. Typical electrolyte salts are 
characterized by large anions and low dissociation energy, to have easily 
dissociated and mobile ions, which act as charge carriers [34]. IL-based 
GPEs are characterized by superior electrochemical and thermal sta-
bility, non-flammability and non-volatility [35]. Various recent sources 
show that the addition of salts of Na/Li/Mg/Zn improves the electro-
chemical performance of GPEs, enhancing performances in super-
capacitors [35–38].

In the present investigation, for the first time, a comparative analysis 
was conducted on supercapacitors designed with carbon electrodes 
derived from melon peels and featuring Li-ion based gel polymer elec-
trolyte, to prove the feasibility of high-performance supercapacitors 
exploiting electrodes made from melon waste. To this end, raw melon 
peel powder was activated through a chemical/physical activation. To 
tune the physico-chemical properties of the resulting material, two pre- 
treatment methods were studied: powder was activated directly or after 
being pre-treated either through ethanol soaking (20–22 days) or 
through a hydrothermal process. The effects of the pre-treatments on 
highly porous carbon before activation were investigated with Bru-
nauer–Emmett–Teller (BET) surface area and pore size analyses, X-ray 
diffraction (XRD), scanning electron microscopy (SEM) and Raman 
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spectroscopy. The activated carbon electrodes, prepared via the afore-
mentioned pre-treatments and activation, were employed in symmetri-
cal semi solid-state EDLCs, featuring a novel Li-ion gel polymer 
electrolyte with superior performances. To study the electrochemical 
performances of the melon waste-derived materials and their interaction 
with the novel gel polymer electrolyte, the activated carbon electrodes 
were comparatively studied with electrochemical impedance spectros-
copy (EIS), cyclic voltammetry (CV) and galvanostatic charge-discharge 
(GCD) measurements.

2. Experimental

2.1. Materials and device preparation

2.1.1. Preparation of ACs and carbon electrodes
Melon peels were removed with a knife during consumption of the 

fresh fruits kindly provided by a local Lombard organic farm (Pavia, 
Italy). The peels were freeze-dried and ground into powder using an 
electric grinder and then passed through a 500 μm sieve screen to obtain 
a homogeneous powder. Finally, to ensure proper preservation, the 
powders were stored in amber glass bottles at 4 ◦C until the use. The AC 
powders were prepared using three different procedures. For the first 
sample, called Simple Activated Carbon (SAC), melon powder was 
mixed with the activating agent ZnCl2 (≥99,8 % purity, Merck KGaA), in 
a 1:2 ratio in MilliQ water. The mixture was kept under constant stirring 
in a 60 ◦C bath for 12 h, and then was dried overnight in a 60 ◦C oven to 
obtain a well dispersed powder consisting of ZnCl2-impregnated melon. 
Consequently, the activation stage was performed, which was main-
tained the same for each of the three experiments. This step was carried 
out by putting the powder mixture into an alumina boat and transferred 
in a tubular oven. After a vacuum and argon wash of the furnace, the 
sample was heated at a rate of 5 ◦C per minute up to around 800 ◦C, with 
a steady flow of argon gas. Once the temperature reached 800 ◦C, the 
argon gas supply was switched to CO2-gas, and the furnace was kept at 
that temperature for 2 h to perform the physical activation. Subse-
quently, the resulting powder was washed with deionized (DI) water and 
1 M HCl (fuming 37 %, Merck KGaA) solution to eliminate any 
remaining zinc and chloride ions and successively dried for 12 h at 90 ◦C 
before using it. The second method involved a hydrothermal pre- 
treatment to obtain Hydrothermal Activated Carbon (HAC). In this 
method, the melon waste powder was impregnated with the activating 
agent ZnCl2 in 1:2 (wt:wt) ratio along with 20 ml of DI water. Then the 

powder was transferred into a Teflon lined autoclave vessel of 100 ml 
capacity and placed in a muffle at 330 ◦C for 12h [39], to perform a 
preliminary carbonization. After this treatment, the obtained powder 
(ZnCl2-decorated hydro char) was thoroughly dried and then activated 
following the aforementioned activation treatment, described for the 
SAC sample, and subsequent washing. The third and last material, called 
Ethanol-soaked Activated Carbon (EAC), consisted in soaking the melon 
peels powder with ethanol (99,8 % purity, Merck KGaA) for about 20 
days and then dried in an oven at ~ 90 ◦C for 24h. Then, the dried 
powder was used as a precursor for chemical and physical activation. 
The ZnCl2 impregnation and the subsequent activation were carried out 
following the procedure described above for the SAC sample. The three 
syntheses are summarised in Fig. 1.

To produce supercapacitor electrodes, AC powders (80 % wt.) were 
mixed with carbon black (Timcal Super C 65, 10 wt%, 2 mg), a 
conductive additive, and PVdF-HFP (10 wt%, 2 mg, pellets, Merck 
KGaA), a polymeric binder. The mixture was mortared and dissolved in 
acetone (99 %, ACEF) to obtain thick slurries. Carbon black serves as an 
electron-transfer catalyst in addition to increasing the electrical con-
ductivity of the electrode material [29], while the plastic binder is 
needed to keep the active material together and adherent to the current 
collector. The resulting slurries were then drop cast on circular flexible 
graphite sheets (16 mm diameter), pre-treated by vacuum drying for 
12–16 h at a temperature of 90 ◦C.

2.1.2. Preparation and characterization of the GPE-film
To analyse the capacitive performance of the carbon powders, the 

GPE -film was prepared via “solution cast” method. 1 g of the host 
polymer PVdF-HFP was dissolved in 20 ml acetone, which was used as a 
solvent. A homogenous solution was obtained by stirring it constantly at 
room temperature for 10–14 h. Then, 4 g of 1 M lithium tri-
fluoromethanesulfonate (LiTf, 99.995 % purity, Merck KGaA) in 1-ethyl- 
3-methylimidazolium trifluoromethanesulfonate (EMITf, ≥98.0 %, 
Merck KGaA) were added to the solution and stirred for another 10–14 h 
at room temperature. Subsequently, PVdF-HFP/1M LiTf in EMITf was 
transferred to a glass Petri dish, and acetone was allowed to slowly 
evaporate to produce a flexible GPE-film. After three to four days, a free- 
standing, flexible GPE was obtained. To prevent moisture absorption, 
the gel film has been retained in a dry atmosphere.

The GPE-film was electrochemically characterised by measuring the 
ionic conductivity and electrochemical stability window (ESW). EIS was 
used to test the ionic conductivity of the GPE-film throughout a fre-

Fig. 1. Progressive preparation methods for Melon waste-based ACs with pre-treatment steps.
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quency range of 105 Hz–0.1 Hz on a cell arrangement SS|GPE-film|SS, 
while ESW was evaluated using linear sweep voltammetry (LSV) on 
the cell configuration SS|GPE-film|Ag, where SS is a stainless steel disc 
and Ag is a silver foil, operating respectively as the working and 
counter/(pseudo) reference electrodes. The stability window against 
lithium of the GPE-film was measured on a cell configuration SS|GPE- 
film|Li, where lithium works as counter/(pseudo) reference electrode. 
The lithium-ion transference number (tLi

+) of the GPE film was measured 
on a cell configuration Li|GPE-film|Li with a potentiostatic polarization 
(ΔV) of 10 mV to result in a steady-state current. The tLi

+ was calculated 
from the equation: 

tLi+ =
Is (ΔV − R0I0)

I0 (ΔV − RsIs)
(1) 

where initial (I0) and final (IS) currents, as well as bulk resistances R0 
and RS (i.e., before and after polarization, respectively), were obtained 
using DC polarization and AC impedance spectroscopy measurements, 
respectively [40].

2.1.3. Fabrication and analyses of supercapacitors
The produced ACs were electrochemically tested by constructing 

EDLC cells with GPE between two symmetric carbon electrodes. To 
avoid the short-circuit between the two symmetric electrodes, the GPE 
was trimmed circularly to a slightly larger size than the two symmetric 
electrodes. Then, the obtained carbon electrodes and GPE-films were 
sandwiched together in the AC | electrolyte | AC geometry. EDLC cells 
were designed in the following arrangement: 

Cell @1: SAC | GPE-film | SAC                                                            

Cell @2: HAC | GPE-film | HAC 

Cell @3: EAC | GPE-film | EAC                                                           

In the two electrode configurations, all the designed EDLCs were 
analyzed using EIS, CV, and GCD. EIS tests were performed using an 
alternate current with an amplitude of 10 mV and a frequency range of 
105 Hz to 10 mHz. EIS and CV measurements were carried out using a 
1010E Interface Potentiostat (Gamry Instruments, USA) electrochemical 
workstation, while GCD and cyclic investigations were carried out with 
a charge-discharge unit (Landt CT2001A, China).

2.2. Material characterization techniques

2.2.1. Structural and morphological characterization
Nitrogen adsorption-desorption analysis was conducted at a tem-

perature of 77 K using a 3Flex analyser (Micromeritics, Norcross, GA, 
USA). Prior to the analysis, the samples were placed in a FlowPrep 
apparatus (Micromeritics, Norcross, GA, USA) and underwent a nitrogen 
flux pretreatment for 4 h at 120 ◦C. Subsequently, the samples were 
placed in the 3Flex chamber and degassed for 2 h at 120 ◦C under 
vacuum. The total specific surface area (SSA) was determined using the 
BET method after confirming compliance with the Rouquerol criteria. 
Additionally, the external SSA was assessed using the t-plot analysis, 
employing the Statistical Thickness Surface Area (STSA) carbon black 
equation. The pore size distribution was determined both analysing the 
desorption branch using the Barrett-Joyner-Halenda (BJH) method and 
the Non-Local Density Functional Theory (NLDFT) calculation, for 
which the model for carbon material with open slit geometry - NLDFT 
(SD3) - was utilized.

The structural properties of the ACs and the presence of contami-
nants were studied via powder X-ray diffraction (PXRD), which was 
conducted using a D8 Discover diffractometer (Bruker Corporation, MA, 
USA), operating in Debye-Scherrer geometry configuration. A copper 
anode (CuKα), coupled with a Göbel mirror and a 0.5 mm collimator, 
was used as the X-ray radiation source. 2D diffraction patterns were 
captured using a MX225 detector (Rayonix, IL, USA). Images obtained 

from the PXRD experiments were processed utilizing the FIT2D soft-
ware, and subsequent analysis of the extracted powder patterns was 
performed using the GSAS-II suite. During data collection, all samples 
were securely sealed within glass capillaries of 0.7 diameter and rotated 
to ensure uniform exposure.

The structural characteristics of ACs were further explored through 
micro-Raman measurements, conducted using a Horiba Jobin Yvon 
LabRam system (HORIBA Scientific, Kyoto, Japan). This system featured 
a confocal micro-spectrometer with a focal length of 300 mm. An 
Olympus BX40 microscope (Olympus, Tokyo, Japan) was used to navi-
gate through the sample, while a ULWD 50× objective lens served for 
laser beam focusing and scattered photons collection. The objective lens 
utilized a grating with 1800 grooves/mm and was integrated with a 
motorized XY stage and a Peltier-cooled silicon CCD. A double Nd:YAG 
laser emitting at 473.1 nm served as the excitation source for micro- 
Raman spectroscopy. Spectral data were recorded in the range of 
100–3500 cm− 1, employing the silicon peak at 520.6 cm− 1 and the 
emission lines of a gas lamp as references for calibration in the low and 
high-wavenumber spectral ranges, respectively. To avoid potential heat- 
induced effects on the carbon samples, density filters were applied to 
reduce the excitation power of the laser beam. During analysis, a stan-
dard protocol involving 4 consecutive measurements of 30-s durations 
each was followed. The resulting spectrum was derived from the aver-
aged spectra acquired during these measurements.

The microstructural analysis was conducted using SEM with a Helios 
Nanolab 650 instrument (FEI Company, OR, USA). The microscope 
operated at an accelerating voltage of 10–20 kV, and morphological 
images were acquired using secondary electron detection mode with 
magnification ranging from 10,000x to 500,000x. Sample preparation 
for SEM analysis involved the placement of samples onto conductive 
carbon tape affixed to an aluminium stub. To enhance the visualization 
of microstructural features, a few select samples were scanned at tilted 
angles to provide a more comprehensive analysis.

2.2.2. Electrochemical characterization
LSV, EIS, and CV measurements were conducted using a 1010E 

Interface Potentiostat (Gamry Instruments, PA USA). The analyses were 
carried out on both the “as prepared” electrolyte and on the final 
assembled EDLCs devices. LSV measurements were performed in a two- 
electrode configuration at a constant scan rate of 10 mV s− 1. These 
electrochemical techniques were employed to evaluate the operational 
voltage window of the GPE. EIS measurements were carried out over a 
frequency range of 10 mHz to 105 Hz by applying an alternate current 
signal of 10 mV. CV tests were conducted on the final EDLCs. Initially, 
CV scans were performed over different voltage ranges from 0 to 2.5 V at 
a constant scan rate of 10 mV s− 1. Subsequently, the optimized voltage 
range was maintained constant while varying the scan rate from 10 to 
300 mV s− 1. These electrochemical techniques provided valuable in-
sights into the performance and characteristics of the EDLCs, contrib-
uting to the comprehensive assessment of their electrochemical 
properties.

GCD analysis was conducted to assess the capacity, efficiency, and 
capacity retention of the supercapacitors synthesized from melon waste 
via various synthesis routes and employing GPE. The measurements 
were performed using a Landt CT2001A and a Neware (China) BTS-4008 
(5V50 mA) battery testing system. GCD measurements were conducted 
employing both constant current (chronopotentiometry) and constant 
voltage (chronoamperometry) modes.

To determine the optimal working voltage ranges, the EDLCs were 
subjected to charge and discharge cycles at different voltage levels 
ranging from 0 to 2.5 V, maintaining a constant current of 1 A g− 1. 
Subsequently, the EDLCs underwent charge-discharge cycles at various 
current densities under the optimized voltage conditions. Additionally, 
the EDLCs were subjected to 8000 charge-discharge cycles at a constant 
current density of 1 A g− 1. These experimental procedures enabled a 
comprehensive evaluation of the performance characteristics of the 
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supercapacitors derived from melon waste, facilitating insights into 
their performance and durability over repeated charge-discharge cycles.

3. Results and discussion

3.1. Electrochemical properties of GPE

The obtained GPE-film, consisting of liquid electrolyte 1M LiTf in 
EMITf immobilized in PVdF-HFP, demonstrates superior mechanical 
and electrochemical stabilities, with an ionic conductivity of approxi-
mately 10− 3 S cm− 1 at ambient temperature. The GPE used in this work 
is a free-standing, flexible, semi-transparent thick film of thickness 
250–350 μm, as demonstrated in Fig. 2 (A). Several mechanical forces, 
including multiple bending, twisting, and stretching, were applied to the 
prepared film, as shown in Fig. 2(B–D) [29,41]. Flexibility tests shows 
that the GPE-film can be used to develop highly flexible and bendable 
devices. The ionic conductivity of GPE-film, measured by performing 
EIS on a cell configuration SS|GPE|SS, where SS is stainless steel, is ~3.3 

× 10− 3 S cm− 1 at room temperature (~26 ◦C) [42].
For the evaluation of the ESW of the prepared GPE-film, a LSV 

measurement was carried out on a cell configuration SS|GPE|Ag (dis-
cussed above) in a two-electrode system [42]. The LSV curve of the 
GPE-film is represented in Fig. 2 (E) from − 2.2 V to 3.5 V versus Ag/Ag+

at a scan rate of 10 mVs− 1 [29]. The GPE-film stability is evident up to 
− 1.4 V and 2.5 V versus Ag/Ag+ in the cathodic and anodic range 
respectively, and an overall electrochemical stability window of ~3.9 V 
is observed, which strongly suggests that it can be employed to design 
high performance supercapacitors and high working voltage window 
electrochemical devices in general. The electrochemical stability win-
dow of the GPE-film against lithium has also been measured on a cell 
configuration SS|GPE|Li in a two-electrode cell at room temperature, as 
shown in Fig. S1 † [43]. It has been found that the GPE-film is stable up 
to 4 V against lithium which shows it can be employed for the further 
applications such as lithium-ion batteries and capacitors.

The lithium-ion transference number (tLi
+) of the GPE was measured 

by combining alternating current (AC) and DC techniques. The Li|GPE| 

Fig. 2. (A–D) Images of GPE-film with some flexibility tests, in particular multiple bending, twisting, and stretching. (E) LSV measurement of GPE-film to evaluate its 
electrochemical stability window (F) dc polarization curve to evaluate the Li+ transference number of the GPE-film.
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Li cell was polarized by a small signal of 10 mV for 4 h and the current 
variation as a function of time was obtained, as shown in Fig. 2 (F) [44]. 
Additionally, the EIS curves were also recorded on the same cell before 
and after DC polarization, as shown in Fig. S2 †. The tLi 

+ value was 
calculated by using equation (1) and found to be ~0.64. The obtained 
value of tLi

+ in the present GPE is found to be comparable or even better 
than several reported values of different GPEs across literature, which 
shows the suitability and diverse applicability of the present GPE 
[44–46].

3.2. Characteristics of porous activated carbons

3.2.1. BET surface area and pore size analysis
The surface area and porosity parameters for all AC powders (SAC, 

HAC and EAC) have been comparatively discussed by recording the 

measurements through N2-adsorption desorption isotherms, as shown in 
Fig. 3 (A). According to IUPAC classification, all three AC powders 
exhibit Type-IV isotherms [47], although the shape of the HAC isotherm 
could be also ascribed to Type I. The initial rapid increase behaviour in 
the adsorbed N2-gas at relative pressure P/P0 < 0.004 to 0.006, present 
in all the isotherms (SAC, HAC and EAC), is related to single layer 
adsorption in the micropores of the carbon materials. Moreover, the 
progressive increase in the gas adsorption in the range of relative pres-
sure 0.004 < P/P0 < 0.5 indicates that the AC samples contain pores 
with polydisperse size, from micropores to mesopores [39,42,47]. The 
quantitative analysis of different parameters calculated from the BET 
analysis, such as BET surface area and pore volume, is listed in Table 1
for all the AC materials. The STSA and the micropore surface area for all 
three powders (SAC, HAC and EAC) are reported in Table 1. The detailed 
discussion and calculations about STSA can be found in the supporting 

Fig. 3. (A) N2- adsorption-desorption isotherms of all ACs, (B–D) Pore size distributions obtained by BJH method (E) Pore size distributions by NL-DFT method.
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information. It is worth noting that HAC features the highest specific 
surface area and the highest micropore surface area among the three 
samples.

Type-IV isotherms of porous carbon materials can be further classi-
fied into different types of Hysteresis loops [47]. In the present case, the 
SAC and EAC isotherms show hysteresis loop of H3-type while HAC 
isotherm can be classified as hysteresis loop of H4-type [47], as shown in 
Fig. 3 (A). HAC is characterized by a smaller hysteresis loop as compared 
to the SAC and EAC, because of its different ratio of mesopores to mi-
cropores volume [30] and in particular due to the highest percentage of 
micropores.

These results can be explained by considering that the hydrothermal 
pretreatment with ZnCl2 partially breaks the lignin polymer present in 
the biomass, causing structural changes and promoting the formation of 
a lignin-Zn complex, thus increasing its vulnerability to carbonization 
[30,48]. Furthermore, the hydrothermal pretreatment has an impact on 
cellulose fibers, and the presence of ZnCl2 as an activating agent helps 
the swelling and the partial depolymerization of cellulose [30,48]. This 
makes the cellulose chains more accessible and increases the availability 
of more reactive sites for the subsequent carbonization step. Addition-
ally, ZnCl2 causes the hydrolysis and solubilization of the hemicellulose 
components, releasing sugars and other soluble fragments [48]. Hemi-
cellulose residues increase the porosity of the activated carbon and aid 
the production of carbonaceous materials during carbonization [29,48]. 
During this step, the presence of ZnCl2 and of hydrothermally pretreated 
residues acts as catalysts, promoting the activation of carbon precursors 
and the creation of oxygen-containing functional groups on the carbon 
surface, which improve adsorption capacity and electrochemical per-
formance of ACs [29,39].

Another pre-treatment step is the ethanol soaking of raw biomass 
(EAC) for longer duration (about 20 days). This soaking process before 
activation facilitates the partial dissolution of lignin, favoring its 
removal and improving cellulose and hemicellulose accessibility [30,
48]. After soaking in ethanol, the cellulose fibers swell, losing their 
crystalline structure and becoming more vulnerable to heat degradation 
[29,30]. Furthermore, the ethanol soaking solubilizes and partially 
removes hemicellulose, which disrupts the structure of the cell wall and 
facilitates further processing [29,30,47].

Among all the samples, HAC is characterized by the highest BET 
surface area. This is due to the hydrothermal pretreatment of the 
biomass in water at relatively moderate temperature under autogenous 
pressure. This treatment leads to the breakdown of the biomass structure 
and the formation of a carbon-rich material, often referred to as 
hydrochar, which introduces some degree of porosity into the material 
and, more importantly, it enhances the susceptibility of the biomass to 
subsequent activation processes.

Pore size distributions obtained by BJH model applied to the 
desorption brand are displayed in Fig. 3(B–D). The distribution of the 
EAC sample appears quite polydisperse, mostly in the 2–40 nm range. In 
SAC the distribution appears polydisperse in the same broad range but 
shows a defined maximum around 4–5 nm. Finally, HAC displays a well- 

defined preferential pore size centered around 4 nm.
In Fig. 3 (E) the distributions obtained by DFT model are reported, to 

highlight the micropore range. The comparison of the three curves 
shows that all the three samples contain a fraction of pores with size 
around 6 Å and another distribution around approximately 14 Å, in 
addition to the mesopore distribution. In the HAC sample, the incre-
mental pore volume of the micropores is significantly higher than that of 
the mesopores. Conversely, in the SAC and EAC samples, the mesopores 
have a higher incremental pore volume than the micropores.

3.2.2. SEM images
SEM images of all the prepared AC powders were acquired to confirm 

the surface morphology, as shown in Fig. 4. All ACs show distinct pores 
with irregular shape and size. The pre-treated ACs (HAC and EAC) show 
smaller pores (nanometer size) with respect to SAC, and a dense distri-
bution in a certain area, which confirms the higher surface area dis-
cussed in BET section Fig. 4(C–F). Moreover, significant uniform surface 
structure and pore distribution in HAC powder, as compared to other 
ACs, can been noticed in Fig. 4(C–D), which is the reason for the opti-
mized performance of HAC-based EDLC, discussed later in the electro-
chemical section.

3.2.3. XRD and Raman analysis
Fig. 4 (G) shows the XRD patterns for the obtained activated carbon 

powders; all exhibit similar features characterized by two predominant 
wide peaks around ~25◦ and ~43.4◦, which relate to (002) and (100) 
graphitic planes, respectively [42]. The second broad and small peak 
between 40◦ and 48◦ indicates that all three samples possess less 
developed intra graphitic layers [42]. In conclusion, all three carbon 
powders show two broad reflections and absence of any sharp peak in 
their XRD patterns suggesting that the activated carbon powders pre-
pared through different synthesis routes possess highly disordered na-
ture, i.e. low level of crystallinity in their graphitic domains [30].

Structural information for all three carbon materials (SAC, HAC and 
EAC) was acquired by recording Raman spectra, as shown in Fig. 4 (H). 
To better compare the samples, in Figs. S3–4 y the spectra were 
normalized and divided between low and high wavenumbers. All AC 
powders exhibit two typical prominent bands around ~1350 cm− 1 and 
~1590 cm− 1 that are correlated with D and G-bands, respectively. The D 
band, also known as the disorder peak, is caused by the breathing modes 
of sp2 carbon atoms in rings with structural defects or disorder, such as 
vacancies, edge defects, and non-six-membered rings [30,49]. The ex-
istence of the D band indicates structural disorder or flaws within the 
structure [49]. These flaws can result from a variety of processes, such as 
incomplete graphitization, functionalization, or surface alteration [42,
49]. The G band or graphitic peak represents in-plane vibrational modes 
of sp2 carbon atoms in a graphitic lattice structure [50]. This indicates 
the presence of organised, crystalline domains in the carbon substance 
[50,51]. Other contributions were highlighted by the bands deconvo-
lution (Fig. S5 †). By the ratio ID/IG of the integrated areas of the D and G 
bands, the values of 2.0 ± 0.2 (SAC), 1.6 ± 0.2 (HAC) and 1.7 ± 0.2 
(EAC) are in agreement with the nanometric size of the crystallites.

Additionally, all the ACs’ Raman spectra present two clear broad 
bands centered at ~2700 cm− 1 and ~2940 cm− 1 denoting 2D and D + G 
bands respectively. The 2D band indicates the presence of many gra-
phene layers or graphitic domains in the AC, while the D + G bands 
reflect the coexistence of defects in structure and organised graphitic 
areas in the carbon material [49,50,52].

3.3. Performance study of supercapacitors/EDLCs

3.3.1. Electrochemical impedance spectroscopy (EIS) studies
To evaluate bulk and charge transfer resistances and capacitive be-

haviours for all the EDLCs (Cell @1, Cell @2 and Cell @3), the EIS 
spectra of each cell in the frequency range of 10 mHz–100 kHz was 
acquired. The Nyquist plots i.e., real versus imaginary impedance (Z’ 

Table 1 
Surface area and pore volume values for all the AC materials.

AC 
Material

Biomass: 
ZnCl2 (w/w) 
ratio

BET 
surface 
area (m2 

g− 1)

Pore 
volume 
(cm3 g− 1)

STSA 
(m2 

g− 1)

Micropore 
surface area 
(m2 g− 1)

SACa 1:2 1238 1.4 1125 185
HACb 1:2 1459 0.6 500 959
EACc 1:2 1381 1.3 1360 21.2

a AC prepared from raw material followed by activation.
b AC prepared from hydrothermally pre-treated raw material at ~300 ◦C 

before activation.
c AC prepared from ethanal soaked raw material for ~20 days before 

activation.
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Fig. 4. SEM images of all ACs namely, (A–B) SAC, (C–D) HAC and (E–F) EAC (G) Powder X-ray diffraction and (H) Raman spectra of activated carbon powders (SAC, 
HAC and EAC).

N. Ahmad et al.                                                                                                                                                                                                                                 Journal of Power Sources 624 (2024) 235511 

8 



versus -Z”) at varying frequencies, for each are shown in Fig. 5 (A-C). All 
the cells exhibit a rising straight line, indicating a dominant capacitive 
behaviour. Moreover, to better understand the process, the mid to high 
frequency range of the Nyquist plot has been expanded, as shown in the 

insets of Fig. 5 (A-C). All the cells exhibit a semicircular arc in this region 
which has two intercepts at real impedance axis, namely bulk resistance 
(Rb) and charge-transfer resistance (Rct) at the electrode-electrolyte 
interface, denoted by arrows in the insets of Fig. 5 (A-C). Rb is mainly 

Fig. 5. EIS (Nyquist) plots of EDLC cells (A) Cell @1, (B) Cell @2, (C), Cell @3 in frequency range from 100 kHz to 10 mHz (expanded EIS plot in high frequency 
region and equivalent circuit are also shown in the respective figure), (D) real values of capacitance C′, (E) imaginary values of capacitance C″, and (F) phase angle 
versus frequency plots for all the cells.
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related to the bulk electrolyte resistance, excluding the AC electrodes 
resistance, while Rct is related to the resistance provided by the faradic/ 
redox reactions between the electrolyte ions and the surface function-
alities present in the carbon materials surface [41,53].

The values of the specific capacitance (Csp) for all the cells have been 
calculated by the formula Csp = 2/(2πf × m × |Z"|), where (m) is the 
mass of the active material in the single electrode, (|Z"|) is the magni-
tude of the imaginary component of the impedance, which has been 
calculated at the frequency f = 0.01Hz [41]. The electrical parameters 
for all the cells, such as Rb, Rct and R (resistance Z’ at frequency 0.01 Hz) 
have been listed in Table 2. All the cells possess similar values of resis-
tive parameters including Rb and R. Similar values of Rct indicate that all 
the carbon materials possess same types of surface functional groups 
responsible for the faradic charge-transfer reactions at the interface. 
Moreover, slightly higher value of the Csp for the Cell @2 (HAC based 
carbon electrodes), with respect to the Cell @1 and Cell @3, is achieved 
due to the moderately higher BET specific surface area of HAC (hydro-
thermally pre-treated raw powder before activation) as compared to 
SAC and EAC, a s discussed in Table S6 †.

To better understand the accuracy of electrical parameters Rb and 
Rct, EIS data has been fitted in the mid to high frequency region with the 
equivalent circuit represented in the insets of Fig. 5 (A-C). Different 
circuit elements have been used to achieve a better fit of the EIS data. 
The fitted resistive parameters R1 and R2, constant phase element (CPE) 
and Warburg parameters (W and Wo1) for each cell are listed in Table S6
† [54]. The Warburg parameters are mainly related to the diffusion/-
transport of the electrolyte ions (Li+, EMI+, Tf− ) in the pores of the 
carbon electrodes; the detailed information about the EIS spectra fitting 
can be found in recent literature [41,54]. The accuracy of fitted equiv-
alent circuit employed for each cell can be observed by comparing the 
fitted resistive parameters R1 and R2 with the experimental values Rb 
and Rct which are almost identical.

To extract information about the ion-diffusion mechanism for each 
cell, the real and imaginary capacitance values (C′ and C″) have been 
plotted against the frequency in the range of 10 mHz–100 kHz, as rep-
resented in Fig. 5 (D-E). The values of C′ and C″ can be evaluated by 
incorporating the real and imaginary impedances (Z’ and Z”) in the 
following formula [55]: 

C’ (ω)= − Zʹ́ (ω)
ω|Z(ω)|2

(2) 

C” (ω)= Zʹ(ω)
ω|Z(ω)|2

(3) 

From the real capacitance C′ versus frequency plot shown in Fig. 5 
(D), all the cells exhibit similar behaviour over a wide frequency range. 
For each cell the C′ value, calculated in the low frequency region at 0.01 
Hz, is consistent with the capacitance calculated from GCD analysis, 
discussed later in this work. C′ values in the high frequency range 
(10–100 kHz) are almost negligible, strongly suggesting the negligible 
capacitive behaviour in the high frequency range [30]. The expected 
strong capacitive behaviour in the lower frequency range i.e. < 10 Hz 
can be observed in addition to the saturation behaviour at very low 
frequency <0.1 Hz. Moreover, slightly greater values of capacitance C’ 
can be observed for Cell @2, which indicates more suitable porosity and 
surface area of the carbon electrodes due to the hydrothermal 
pre-treatment before activation, with respect to the other activation 

methods.
Fig. 5 (E) shows C″ as a function of frequency. A peak can be observed 

in the frequency range 0.01–100 Hz for each cell. The peak of C″ is 
located at a frequency f0 which is related to the relaxation frequency 
[29,30]; the values of f0 for Cell @1, Cell @2 and Cell @3 are 0.075 Hz, 
0.075 Hz and 0.09 Hz respectively. For each cell the transition between 
capacitive to resistive behaviour can also be studied as C” values 
correspond to below and after f0 values. HAC shows a slight increase 
value of f0 which indicates that ions have more space for facile move-
ment, due to the suitable pore size distribution which leads to a better 
electrode performance [29,30]. For each cell, the ideality of the device 
has also been judged with a phase angle versus frequency graph. The 
phase angle plot, shown in Fig. 5 (F), confirms the capacitive behaviour 
in the lower frequency range (<10Hz), as discussed above. All three cells 
show phase angle values around 80◦ at low frequencies, which is close to 
the phase angle value of an ideal supercapacitor (90◦), represented by 
dotted line in Fig. 5 (F).

3.3.2. Cyclic voltammetry
All the EDLC cells (Cell @1, Cell @2 and Cell @3) have been char-

acterized in a two-electrode configuration by means of CV in the po-
tential range from 0 to 2.5 V. Comparative CV curves for all three cells 
are shown in Fig. 6 (A), to study the cell in terms of capacitance, per-
formance, and rate capability. The CV patterns show that the pre- 
treatment methods (HAC and EAC) improved the electrochemical per-
formance of the carbon materials: higher voltametric currents are 
observed for Cell @2 and Cell @3 with respect to Cell @1. Moreover, 
further comparison shows that HAC-based cell (Cell @2) is character-
ized by a slightly higher capacitance (174 F g− 1 while EAC based cell has 
165 F g− 1) and a more rectangular, box-like structure, indicating lower 
resistance than EAC electrodes thanks to a more suitable porosity, a 
more suitable pore size and a slightly higher BET surface, which facili-
tates ion mobility.

Fig. 6 (B) shows the CV curves of Cell @2 for varying voltage ranges 
from 0 to 2.5 V at a constant scan rate of 10 mV s− 1. The CV patterns for 
the other cells (Cell @1 and Cell @3) have also been recorded for the 
same potential ranges 0–2.5 V and shown in Figs. S7 and S9 †. The 
typical, box-like rectangular shape (typical of an ideal supercapacitor) of 
CV curve is maintained up to the voltage 2.3 V, after which curves start 
deviating from the ideal shape, indicating a resistive behaviour; conse-
quently, the cells can be considered electrochemically stable in the 
voltage range of 0–2.3 V, and for further studies all the cells have been 
tested in this stable working voltage window range. Furthermore, this 
stable voltage window has also been confirmed for all the cells from the 
GCD analysis, which is discussed later.

The scan rate stability for all the cells (Cell @1 to Cell @3) has been 
tested for varying scan rates from 10 to 300 mV s− 1, as shown in Fig. 6 
(C) for Cell @2. For other cells the CV patterns with varying scan rates 
are shown in Figs. S8 and S10 †. The CV curves can maintain their 
rectangular box-like shape up to the scan rate of 100 mV s− 1, deviating 
for higher scan rates, which shows that all the cells have moderate rate 
capability. The fast ion (Li+, EMI+, Tf− ) movements through the pores of 
ACs even at higher scan rates determines the moderate rate capability of 
the cells.

The specific capacitance (Csp) dependence from the scan rate, 
ranging from 10 to 300 mV s− 1, is shown in Fig. 6 (D). Specific capac-
itance (Csp) with varying scan rates was calculated from the following 
equation: 

Csp =
2 × j
s × m

(4) 

where j is the current density at the middle of the voltage range, s is the 
scan rate (mV s− 1) and m is the mass on a single electrode [30].

Each cell shows an initial fast decrease in capacitance, which is later 
followed by gradual decrease in the Csp value. Such behavior can be 

Table 2 
Electrical parameters evaluated from EIS studies for supercapacitors.

EDLCs Rb (Ω cm2) Rct (Ω cm2) R (Ω cm2)

Cell @1 2.7–2.9 18–21 55–60
Cell @2 4.5–4.8 9–17 58–64
Cell @3 4.7–5 12–19 62–69
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explained as follows: at lower scan rates the ions diffuse completely 
inside the pores of the carbon electrodes, which leads to increase in the 
charge storage mechanism, hence in enhanced Csp values [29,30], while 
at higher scan rates the ions are not completely absorbed/desorbed in 
the pores due to faster dynamics, which leads to lower capacitance.

3.3.3. Galvanostatic charge-discharge
Charge-discharge tests have been carried out on EDLCs based on 

different ACs (SAC, HAC and EAC), to evaluate different parameters 
such as specific capacitance, energy, and power density. A comparative 
GCD graph for all the cells (Cell @1 to Cell @3) recorded at 1 A g− 1 are 
shown in Fig. 7 (A). It can be observed that all cells exhibit almost 
triangular GCD curves (as expected for ideal supercapacitors), indicating 
a proper electric double layer formation at the interface [30]. Moreover, 
Cell @2 performs better than Cell @1 and Cell @3 by having slightly 
larger discharge time, which suggests better charge double layer for-
mation, which leads to higher capacitance values [53].

The internal resistance or equivalent series resistance (ESR) for all 
the cells have been calculated by measuring the instant voltage drop 
(ΔV) in the discharge curve after the current reversal (j), using the 
following equation [53]: 

ESR=
ΔV
2 j

(5) 

The values of ESR and specific capacitance Csp from the discharge 
curve have been calculated for each cell and listed in Table 3. The value 
of the Csp for each cell have been calculated from the equation 
mentioned below [29,30]: 

Csp =
4 j

∫
V dt

m × V2
⃒
⃒Vf

Vi

(6) 

where (j) is the current density, m is the mass of active material on a 
single electrode, 

∫
V dt is the area under the discharge curve, V is the 

maximum operating voltage, and Vi and Vf are the initial and final 
values of GCD curves voltages [29,54,56,57].

The effect of the pre-treatments (HAC and EAC) before activation on 
ACs can be observed, as Cell @2 and Cell @3 show slightly lower values 
of ESR, respectively of 21-19 and 24–30 Ω cm2, as compared to Cell @1, 
with an ESR of 22–30 Ω cm2. This indicates better and faster mobility of 
ions at the interface, which leads to higher capacitance. Substantially 
higher capacitance, up to 161–170 F g− 1, as compared to Cell @1 with 
135–148 F g− 1 and Cell @3 with 153–158 F g− 1, and lower ESR value of 
Cell @2 are the consequence of suitable porosity, higher specific surface 
area and appropriate amount of mesoporosity in the HAC powder. The 
appropriate amount of mesoporosity acts as a faster transport route for 
ions at the interface.

Fig. 7 (B) shows charge-discharge profiles of Cell @2 in the varying 

Fig. 6. (A) Comparative CV patterns of all the cells in the optimized voltage range from 0 to 2.3 V, (B) CV response of Cell @2 with varying voltage ranges recorded 
at the scan rate of 10 mV s− 1, (C) CV patterns measured at different scan rates from 10 to 300 mV s− 1 for Cell @2, (D) specific capacitance (Csp) versus scan rate plot 
for all the EDLC cells.
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range of potential 0–2.5 V at 1 A g− 1. For Cell @1 and Cell @3 the charge 
discharge curves are shown in Figs. S11 and S13 †. Each cell shows 
almost linear charge-discharge curves up to the potential 2.3 V; at higher 
voltage, GCD curves start deviating from ideal behaviour. Almost linear 

behaviour up to 2.3 V proves electrostatic charge-storage mechanism at 
the interface [29]. This suitable electrochemical window has been 
confirmed in CV analysis.

GCD curves at varying current densities from 1 to 10 A g− 1 in the 

Fig. 7. (A) Comparative GCD curves for all the cells in the optimum voltage range 0–2.3 V and, (B) GCD curves of Cell @2 with varying voltage ranges recorded at 
current density 1 A g− 1, (C) GCD curves measured at different current densities from 1 to 10 A g− 1 for Cell @2, (D) specific capacitance (Csp) versus current density 
plot for all the EDLC cells, (F) impedance spectra of Cell @2 at different voltages.
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potential range 0–2.3 V is shown for Cell @2 in Fig. 7 (C). For other cells 
(Cell @1 and Cell @3) similar GCD curves are shown in Figs. S12 and 
S14 †. From the GCD curves at higher current densities (8–10 A g− 1) it is 
evident that the cells are able to maintain their linear charge-discharge 
profiles.

Fig. 7 (D) shows the variation of the specific capacitance (Csp) values 
for each cell with respect to the current densities from 1 to 10 A g− 1 

which gives information about the rate capabilities of each device. For 
all cells, an initial fast fading in Csp values of about 35 % is noticeable up 
to a current density of 4 A g− 1; for higher current densities a progressive 
decrease in Csp values can be observed, up to 10 A g− 1. Pre-treatments, 
namely hydrothermal and ethanol soaking before activation of the 
biomass waste, determine improved rate performance for the entire 
range of the current densities; almost parallel curves are shown in Fig. 7 
(D) for each cell. Further comparison shows that Cell @2 has higher rate 
performance for the entire range of the current density up to 10 A g− 1 as 
it has highest Csp values.

The EIS spectra at different applied voltages have been recorded for 
all the cells, as shown in Fig. 7 (E) for Cell @2. For Cell @1 and Cell @3 
the EIS spectra have been reported in Figs. S15 and S16 †, respectively. 
All the curves exhibit reduced Rct values as voltage increases as well as 
slightly different diffusion curves at lower frequency. From this analysis, 
it can be concluded that all cells exhibit mixed capacitive and resistive/ 
diffusive behaviour, with potential pseudocapacitive contributions [58]. 
This typical behaviour is observed in the activated carbons based SCs 
where the charge transfer (pseudocapacitive behaviour) is observed due 
to the surface functionalities such as hydroxyl, carboxyl, phenol, and 
carbonyl adsorbed on the large-surface-area AC electrodes [59–61]; 
these reactions cause a pseudocapacitive contribution, resulting in an 
increase in capacitance.

The values of specific energy (Esp) and effective power density (Peff) 
for each cell have been calculated from the following equations [53]: 

Esp =
j ×

∫
V dt

2 m
(7) 

Peff =
Esp

Δtdis
(8) 

where j is the current density, m is the mass of active material employed 
on a single electrode, 

∫
V dt is the area under the discharge curve, and 

Δtdis is the discharge time [53]. The parameters evaluated at 1 A g− 1 for 
each cell have been listed in Table 3. A significant improvement in the 
Esp and Peff can be observed for the Cell @2 and Cell @3, which further 
indicates the benefits of pre-treatment steps before activation on carbon 
powders. Furthermore, Cell @2 shows optimum performance by owing 
higher values of specific energy and power as compared to Cell @3 since 
HAC powder has optimum BET surface area and suitable pore size dis-
tribution for high performance EDLC.

Table 4 shows a comparison between the characteristics and per-
formance of the supercapacitors prepared in this work and those of other 
EDLCs derived from different biomass wastes, reported in recent liter-
ature. The comparison shows that the devices prepared in this work 
(supercapacitors based on melon waste carbon electrodes) boast almost 
equal or even better performance as compared to the other EDLCs in 
terms of specific capacitance, energy, and power density.

The Ragone plot for the three cells has been represented in Fig. 8 (A). 
All the cells (Cell @1 to Cell @3) show typical EDLC behaviour, as an 
increase in specific energy values can be seen at the cost of decreasing 
values of effective power. The optimum performance of Cell @2 can also 
be appreciated since it clearly displays a higher value of effective power 
and specific energy (parallel curve with respect to the other cells) in 
comparison with other EDLCs. Moreover, Cell @2 shows an 8-fold in-
crease in the effective power from ~0.9 to ~7 kW kg− 1 at the expense of 
specific energy from ~30 to 12 Wh kg− 1, which shows quite great per-
formance from EDLC point of view. The long cyclic charge-discharge 
curve up to 8000 cycles for all the cells, recorded at 1 A g− 1, are 
shown in Fig. 8 (B). The Coulombic efficiency (η%), which has been 
evaluated from the equation [54]: 

η= tD
tC

× 100 % (9) 

where tD and tC are the discharging and charging time, respectively and 
specific capacitance (Csp), is shown as a function of cycles, up to 8000 
cycles, in Fig. 8 (B). Cell @2 shows optimum performance by having 
larger values of capacitance throughout the 8000 cycles in comparison 
with the other cells. As evident from Fig. 8 (B), Cell @2 shows the initial 

Table 3 
Parameters evaluated from GCD analysis for all three cells at a constant current 
density 1 A g− 1.

EDLCs ΔV (V) ESR (Ω 
cm2)

Csp (F g− 1) Esp (Wh 
kg− 1)

Peff (W 
kg− 1)

Cell 
@1

0.07–0.08 22–33 135–148 24–26 790–805

Cell 
@2

0.85–0.9 21–29 161–170 29–31.34 839–860

Cell 
@3

0.9–0.1 24–30 153–158 28–29.5 803–828

Table 4 
Comparison of EDLCs prepared with different biomass derived AC based supercapacitors.

Biomass 
Precursor

Pre-activation 
treatment

Activating 
agents

Surface area (m2 

g− 1)
Specific capacitance 
(Fg− 1)

Specific energy (Wh 
kg− 1)

Specific power (kW 
kg− 1)

Ref.

Corn Stover Pyrolysis KOH 2441 398 at 0.5 A g− 1 5.01 0.1 [62]
Cottonseed meal Hydrothermal 

treatment
K2CO3 2361 71.8 at 0.5 A g− 1 34.4 0.225 [63]

Bamboo NA K2CO3 1802 – – – [64]
Banana stem 

fibers
NA ZnCl2 788.09 179 6.19 0.044 [65]

Peanut shell NA ZnCl2 1549 333 at 0.5 A g− 1 8.5–4.6 0.1–6.56 [66]
Pinecone NA ZnCl2 1781 255 at 1 mA cm− 2 20 0.055 [67]
Pollen cone Pre-carbonized KOH 2314 146 at 0.5 A g− 1 21 0.19 [42]
Rice straw Pre-carbonized KOH 2651 324 at 0.5 A g− 1 48.9 0.75 [68]
Tabacco waste Hydrothermal 

treatment
KOH 1875.5 356.4 at 0.5 A g− 1 10.4 0.3 [69]

Corncob NA Steam 1210 120 at 1 A g− 1 5.3 8.276 [70]
Coffee bean NA H3PO4 742 160 at 1 A g− 1 15 0.075 [71]
Cotton stalk NA H3PO4 1481 114 at 0.5 A g− 1 – – [72]
Melon waste Hydrothermal 

treatment 
Ethanol soaking 
treatment

ZnCl2 

ZnCl2
1459 
1381

161 - 170 at 1 A g− 1 

153–158 at 1 A g− 1
29–31.34 
28–29.5

0.84–0.86 
0.8–0.83

This 
work
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~15 % fast capacitance fading after ~2000 cycles and then very slow 
fading up to 8000 cycles. The initial fast fading in the Csp values is 
possibly due to the irreversible reactions between the surface functional 
groups in the activated carbons and electrolyte ions [42]. After ~2000 
cycles, after the electrochemical reactions reach stability, further 
capacitance fading is gradual and can be related to the slowly blocking 
of micropores in the carbon material [42]. After some micropores are 
blocked the Coulombic efficiency also reaches almost 100 % which can 
be observed from Fig. 8 (B). The capacitance fading has been confirmed 
from the impedance plot by recording EIS at different GCD cycling tests, 
as shown in Fig. 8 (C) for Cell @2. For Cell @1 and Cell @3, the 
impedance spectra at different GCD cycling tests have been reported in 
Figs. S17 and S18 †, respectively. The significant initial and afterwards 

slow fading in capacitance indicates the higher value of imaginary 
impedance (Z″). Moreover, a slight increase in the charge transfer 
resistance Rct can be observed, especially visible between the 0 cycle to 
the 2000 cycles spectra, but also observable for subsequent spectra. This 
effect can be due to a slight loss of contact between the electrode and the 
GPE; this becomes less observable at high cycle number and could 
probably be reduced by applying a higher pressure to the cell.

The stability of Cell @2 has also been tested with floating test ex-
periments, by performing charge/discharge tests at 1 A g− 1 of 5 cycles 
before and after 10 h of voltage holding, as mentioned in Fig. 8 (D) [73]. 
The specific capacitance have been calculated from the discharge curve 
of 3rd cycle before and after voltage holding. A ~27 % decay in specific 

Fig. 8. (A) Comparative Ragone plots of all the cells (Cell @1 to Cell @3), (B) Coulombic efficiency and specific capacitance as a function of cycle number, recorded 
at a 1A g− 1, (C) EIS spectra of Cell @2 measured at different GCD cycling tests, (D) Floating test experiment for Cell @2 with 5 cycles of charge/discharge before and 
after 10 h of voltage holding, (E) Glowing LED by connecting three cells (Cell @2) in series.
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capacitance has been noticed after 10 h of voltage holding at 2.3 V, 
which is quite good from an electrochemical point of view. In terms of 
application, a 30–50 mW green LED was lit up (in presence of dark and 
bright light atmosphere) for about 100–120 s by connecting three Cell 
@2 in series, as shown in Fig. 8 (E). This demonstrates the applicability 
of supercapacitors prepared here.

4. Conclusions

Hierarchical large surface area porous activated carbons were syn-
thesized from melon peels waste. The starting material was processed 
and activated by means of ZnCl2 and CO2. The AC powders were 
analyzed through morphological, spectroscopic, BET surface area and 
porosity measurements. These activation processes led to the partial 
degradation of the lignin, cellulose and hemicellulose content, 
increasing the activation and thus the accessibility of the surface by the 
ions; in particular, the HAC sample showed slightly better performance 
by featuring a larger surface area and an appropriate amount of micro 
and mesoporosity. The prepared carbon electrodes were tested with a 
GPE containing 1 M LiTf in EMITf hosted in a PVdF-HFP polymer. The 
measured conductivity and ESW of the GPE are found to be ~3.3 × 10− 3 

S cm− 1 and ~3.9 V versus Ag/Ag+ respectively, which is rather good for 
EDLC applications. Symmetric supercapacitors were assembled with the 
prepared ACs and GPE and characterized with the EIS, CV and GCD 
techniques. The stable working voltage window of EDLC cells was 
confirmed in the range from 0 to 2.3 V from both CV and GCD analysis. 
The HAC based EDLC shows better performance by having slightly 
higher capacitance values ~166 F g− 1 as compared to the other EDLCs 
(EAC and SAC). Moreover, the optimized specific energy and power, 
calculated at 1 A g− 1, are 29–31 Wh kg− 1 at power density of 839–860 
W kg− 1, respectively. In summary, the HAC and EAC based EDLCs show 
slightly higher rate performance as compared to SAC based EDLC, as 
confirmed from the CV and GCD analysis; in particular, HAC-based cell 
is characterized by a better rate performance in comparison with the 
EAC based cell. Furthermore, the HAC based EDLC shows electro-
chemically stable performance up to 8000 cycles with initial 15 % 
capacitance fading and Coulombic efficiency close to 100 %.
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