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A B S T R A C T   

Green nanotechnology is now emerging to address society’s global sustainability issues by recycling numerous 
industrial and bio-wastes to produce functional carbonaceous nanomaterials like biochar, 2D graphene, graphene 
oxide, carbon nanotube (CNT), activated carbon (AC), etc. In this study, we have synthesized AC via the hy
drothermal decomposition approach of the walnut shell under high temperature and pressure in a hydrothermal 
autoclave at temperature ranges from 200 to 250 ℃. The synthesized AC has a high specific surface area of 408.8 
m2/g. It has an excellent specific capacitance of 204F/g at 1 A/g of current density with good cyclability up to 
10,000 cycles.   

1. Introduction 

The growing population, depletion of fossil fuels, and environmental 
threat require advancement in energy storage. Therefore, it is highly 
desired for researchers to develop an effective way of providing alter
nate sources of energy and conversion technologies. There are many 
alternative renewable energy sources that can replace the need for fossil 
fuels. Solar, wind, geothermal and biomass-based energy are a few ex
amples of alternative energy sources currently being investigated [1]. In 
addition, biomass-derived nanomaterials are a clean and effective en
ergy source for supercapacitors. Electrochemical capacitors (ECs), also 
known as supercapacitors, have attracted much interest in the advanced 
energy storage area due to their extensive cycle life, long-term dura
bility, and outstanding specific power [2]. Supercapacitors are classified 
into two categories based on charge-storage mechanisms: pseudocapa
citors and electric double-layer capacitors (EDLCs) [3]. 

Carbon-derived materials are the most intriguing electrode for 
EDLCs, such as graphene, CNT, graphene oxide, carbon black, etc., 
because of their excellent mechanical strength, good
electrical conductivity, and higher surface-to-volume ratio. However, 
these materials are hard to synthesize and require harsh chemical 

conditions for massive production. In this regard, AC has a highly active 
surface, easily tunable porosity, and excellent electrical conductivity; 
bio-carbon produced from bio-waste materials is a promising electrode 
candidate for EDLCs [4]. There are different methods for preparing AC, 
such as pyrolysis, hydrothermal carbonization, and gasification. The 
hydrothermal method is preferred over others due to its low cost, low- 
temperature conditions, and high yield. Over the past few years, many 
precursors have been successfully converted into AC to obtain excellent 
specific capacitance and better understand the physical phenomenon 
between the electrode–electrolyte interfaces in EDLCs [5]. As a result, 
selecting an adequate precursor for the synthesis of low-cost, eco- 
friendly, and livable AC is a problematic issue for researchers in this 
field. In this regard, walnut shell renewable biomass being cheaper, 
abundant, clean, and sustainable, shows considerable potential as an AC 
precursor [6]. 

2. Experimental 

2.1. Preparation of AC 

Firstly, walnut shells were washed multiple times with DI water, 
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dried overnight at 105 ◦C in the oven, and ground into fine powder. 
Then, 8 g of raw walnut shell powder was mixed with 80 ml of distilled 
water and placed in an autoclave at 225 ◦C (6 h). The sample was rinsed 
many times with DI water and then oven-dried for 12 h at 105 ◦C. 
Further, the obtained product was impregnated with KOH in the pro
portion of 1:3 and then dried for 12 h. Then the final product was ob
tained by annealing at 450 ◦C for 2 h at a ramp rate of 10 degrees per 
minute. 

2.2. Electrochemical analysis 

The working electrode was fabricated by mixing the active material 
(AC, 90 wt%) with the PVDF binder (10 wt%) in an organic solvent (N- 

methyl pyrrolidinone). The mixture mentioned above was agitated on a 
magnetic stirrer, yielding a homogeneous slurry, which was then 
applied to the graphite sheet (working electrode). The coated electrodes 
were annealed for 24 h at 70 ◦C in a vacuum oven. The capacitive 
behavior of the electrode was evaluated using cyclic voltammetry (CV) 
in 6 M KOH as an electrolyte with diverse scan-rate varies from 25 to 
200 m Vs− 1. Electrochemical impedance spectroscopy (EIS) was studied 
in the frequency range of 100 kHz to 10 MHz. Galvanostatic Charging 
Discharging (GCD) was investigated at varied current densities ranging 
from 1 to 10 A/g. 

Fig. 1. (a) FTIR spectra of AC, (b) UV–vis spectra, (c) Tauc’s plot, (d) Raman Spectra, (e)N2 adsorption–desorption isotherms, (f) Pore size distribution curve.  

Fig. 2. (a, b) FE-SEM image before activation, (c, d) FE-SEM images of AC after activation, (e, f) EDX analysis.  
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3. Results and discussion 

The IR spectra for AC, from 4000 to 400 cm− 1, are shown in Fig. 1 
(a). A substantial broad and strong peak between 3550 and 3200 cm− 1 

indicates OH group stretching vibration. Another peak was noticed at 
2249.6 cm− 1, indicating C–––C stretching vibration from an aromatic 
group. Peaks at 1704 cm− 1 are expected to be carboxyl group stretching 
vibrations [7]. 

Fig. 1(b) represents the UV–Visible spectra of the AC. In this spec
trum, the absorbance of radiation by the sample is plotted against the 
wavelength of light. By using this spectrum, the optical properties of the 
material were analyzed. The highest absorbance peak at 260 nm was 
obtained. To compute the sample’s direct band gap, Tauc’s plot of en
ergy v/s (αhv)2 was examined, represented in Fig. 1(c) [8]. The calcu
lated band gap for the AC is 3.16 eV [9]. The AC’s N2 adsorption/ 
desorption isotherm BET plot is represented in Fig. 1(e). The specific 
surface area of the AC obtained is 408.8 m2/g. This may be due to the 
type of raw biomass utilized, carbonization method, and amount of 
activating agent used. Fig. 1(f) represents the pore size distribution, and 
pore volume calculated by the BJH method is 0.073 cc/g, and the 
average pore width is 19.159 nm. 

FE-SEM images were used to depict the morphological characteris
tics of AC. Fig. 2(a, b) represents the morphology of the AC before 
activation, and images indicate that before activation, no porous ge
ometry was observed; only sheets-like structures were present in the 
sample. 

Fig. 2(c, d) represents FE-SEM images for AC, indicating that the AC 
sample has porous surface morphologies with a homogenous sponge-like 
branching structure and inter-connected pores. The elemental dis
tribution of elements using energy-dispersive X-ray (EDX) analysis and 
chemical characterization of synthesized AC are shown in Fig. 2 (e, f). 
EDX spectra represent that the AC sample contains mainly carbon and 
oxygen. 

CV curves are shown in Fig. 3(a). The CV curves have a quasi- 
rectangular shape, signifying the development of an electrical double 
layer in an aqueous electrolyte [10]. The shape of the CV curves depicts 
that the working electrode achieved fast ion diffusion resulting in 
smooth charge propagation. The GCD curves at current densities ranging 
from 1 to 10 Ag− 1 are shown in Fig. 3(b). Eq. (1) was used to calculate 

the specific capacitance. 

Cs =
I × t

m × ΔV
(1) 

In the left-hand side of the above equation, the Cs represent the 
specific capacitance, and in the right-hand side of the above equation, I, 
t, ΔV, and m represent the current, discharge time, potential window, 
and mass of the working electrode, respectively. 

The GCD analysis illustrates high reversibility and coulombic effi
ciency, which is essential for a supercapacitor electrode. Under a con
stant current density of 1 Ag− 1, the AC electrode has a specific 
capacitance of 204 Fg− 1. The Nyquist plots of AC electrodes are shown in 
Fig. 3(c). The inset of Fig. 3(c) shows the equivalent circuit obtained 
using simulation circuit fit with internal resistance (RΩ), charge transfer 
resistance (Rct), Warburg impedance (Zw), and double-layer capaci
tance (Cdl) [11]. The AC electrode’s internal resistance was determined 
to be 1.6 Ω. The resistance of the working electrode is found lower due 
to the free electron present in the graphitized structure. The value of 
charge-transfer resistance (Rct) was 2.67 Ω using an electrochemical 
circuit fit. The nearly vertical line in the low-frequency range affects ion 
diffusion within the system, which is attributed to the AC electrode’s 
high porosity and surface area explained by Warburg impedance [12]. 
The electrochemical stability of the prepared electrode was assessed 
using GCD tests for 10,000 cycles (current density 10 A/g); as shown in 
Fig. 3(d), the specific capacitance slightly decreased and retained up to 
83.9 %. The prepared electrode shows a remarkable energy density of 
28.3 Wh kg− 1 at 499 Wkg− 1, based on the total mass of the active ma
terial [13] as shown in Fig. 3(f). 

4. Conclusions 

The AC-based supercapacitor electrode has a high specific capaci
tance of 204 Fg− 1 at 1 Ag− 1 and shows a remarkable energy density of 
28.3 Whkg− 1 at 499 Wkg− 1 of power density. The specific capacitance 
decreases and retains 83.9 % up to 10,000 cycles. The study depicts that 
the waste (walnut shell) is a highly appropriate precursor due to its 
cheap, maintainable, and environmentally safe for fabricating AC for the 
electrochemical supercapacitor electrode to overcome the energy- 
related problem that we are facing. 

Fig. 3. Electrochemical performance measurements;(a) CV analysis at 25 to 200 mVs− 1, (b) GCD plot, (c) Nyquist plot, (d) Capacitive retention vs cycle number, (e) 
Variation in Sp. Capacitance vs current density, (f) Ragone plot. 
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