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In this study, nanostructured carbon spheres were fabricated from 

leather leaf via hydrothermal carbonization and chemically activated 

with KOH. Different hydrothermal carbonization temperatures were 

used. The microtopographic, compositional, and structural 

characteristics and the surface properties of the synthesized material 

were then investigated via scanning electron microscopy, 

transmission electron microscopy, X-ray diffraction, nitrogen 

adsorption-desorption, and Raman spectroscopy. Results indicated 

that the KOH-activated sample synthesized with hydrothermal 

procedure leads to spheroidal nano-porous amorphous carbon 

particles with an average size of 3-5 micrometers. The nano-porous 

carbon spheres exhibited remarkable material properties such as high 

specific surface area (1342 m2 g–1) and a well-developed porosity 

with a distribution of micropores 2 nm wide. These properties led to 

good electrochemical performance as supercapacitor electrodes. The 

electrochemical investigations through a three-electrode cell in an 

aqueous electrolyte have also confirmed the capability of the 

synthesized activated carbon nano-particles as promising candidates 

for supercapacitor applications. In particular, a specific capacitance 

of 374 F g-1 was achieved at a current density of 2 A g-1. 
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Graphical abstract of hydrothermal carbonization of nanoporous carbon spheres derived from the leather leaf 

 
1- Introduction 
The development of green, renewable, and highly 

efficient methods of energy conversion, as well as 

new energy storage technologies, is in high demand 

[1-3]. As an energy storage device, supercapacitors 

are an effective and practical technology for 

electrochemical energy conversion and storage. 

Supercapacitors, also known as EDLC (electric 

double-layer capacitors) or Ultracapacitors, can store 

tremendous amounts of energy. Operating based on 

their electrochemical properties, supercapacitors 

have found incredible recognition for novel 

applications. Their outstanding electrochemical 

performance, including optimal reversibility, power 

capability, and cycle life, makes them great options 

in different areas, such as intelligent automobiles, 

portable power tools, and uninterruptible power 

sources [4]. 

Fabricating supercapacitors requires cost-effective 

production materials. Carbonaceous materials, which 

are popular base materials for electrodes, are an 

incredible option since they provide an easy 

fabrication process, potentially significant specific 

capacitance, and considerable mechanical flexibility 

[5]. Among various carbonaceous materials, 

nanoporous carbon spheres have gained considerable 

attention due to their optimal electrical conductivity 

and the ability to minimize viscous effects and finely 

tune the porosity [6-8]. The discovery of fullerenes, 

carbon nanotubes, nano-porous carbon, and 

graphene, with optimal nanostructures and 

functionalization patterns, has made the areas related 

to advanced carbon materials mainly thriving. 

However, these carbon nanomaterials strongly 

depend on precursors based on fossil fuels, such as 

CH4, phenol, and pitch, and extreme synthetic 

conditions requiring massive energy levels. These 

methods and techniques are not optimally cost-

effective and can damage the environment because 

they use unsafe toxic compounds that are 

environmentally unfriendly. Hence, the development 

of nanoporous carbon derived from renewable 

biomass is of growing importance for creating 

sustainable energy-storage systems [9-14]. 

Hence, various synthetic strategies, including 

hydrothermal carbonization [15], nanocasting 

technique [16], and emulsion polymerization method 

[17], have been developed for the preparation of 

carbon spheres. In addition to the kinds of synthetic 

methods, carbon materials also can be fabricated by 

hydrothermal carbonization [18-21] for creating 

nanoporous carbon spheres.  

In this work, we demonstrate a simple hydrothermal 

assisting pyrolysis method by using a green, 

renewable, cost-effective, and widespread plant as 

the precursors and explored as an electrode for 

supercapacitors. Due to its special characteristics, 

such as emulsifying, gelling, and stabilizing abilities, 

the leather leaf has been extensively used in medical 

and ornamental usage. However, to the best of our 

knowledge, this natural material has not been used as 

a source of carbon materials for energy applications. 
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Many electrode types have been tested, and the most 

frequent systems today are synthesized on the 

electrochemical double-layer capacitor based on 

carbon and an organic electrolyte and convenient 

operability [22]. Yin et al. used KOH as an activator 

agent and coconut fibers to produce activated carbon 

to produce a supercapacitor electrode, which 

displayed a particular capacitance of 266 F/g at a 

current of 0.1 A/g. Many studies highlight the 

potential of crops and agricultural residues as a 

significant carbon source. Izan Izwan Misnon et al. 

used oil palm kernel shells to synthesize 

supercapacitors with outstanding performance. In 

comparison, those samples that were chemically 

activated represented a particular capacitance of  210  

F/g at 0.5 A/g, while the same quality in physically 

activated samples was 50% lower [23].  

 
2- Experimental 

2-1- Synthesis 
The raw material (leather leaf) was initially dried, and 

then the powder (3 g) was dissolved in water (50 mL) 

under stirring. The resulting solution was sealed into 

a Teflon-lined autoclave of 150 mL capacity, and 

maintained for 12 h and three different temperatures 

(100, 150, and 200 ºC) were applied in the 

hydrothermal carbonization stage, ensuring the 

complete progression of the reaction. After the 

autoclave was cooled to room temperature, the 

obtained hydrothermal carbon as dark precipitate was 

collected by centrifugation, washed with water and 

ethanol several times, and dried at 70 ºC for 8 h. The 

obtained hydrothermal carbon was mixed with the 

selected activation agents of KOH with the powder/ 

KOH weight ratio of 1:2. The mixture was heated up 

to 900 ºC temperature in a tube furnace under N2 

atmosphere for 2 h, with a temperature ramp of 5 ºC 

min-1. The obtained activated carbon was washed 

with 2 M hydrochloric acid and water to remove 

potassium species thoroughly and finally dried at 

room temperature. 

 
2-2- Characterization 
The phase analysis of the samples was carried out via 

a Top metrology-GNR Explorer X-ray diffractometer 

(XRD, λ=0.154 nm, continuous scanning mode 

(0.02°/min)). Raman spectroscopy was also 

performed using a Raman Microscope (Teksan Co.) 

at room temperature in the wavelength range 45 to 

4700 cm-1 on the Hamamatsu detection system and 

with the signal-to-noise ratio of 300:1 (estimated 

spectral resolution of 6 cm-1). The sample excitement 

was aided by an Nd:YAG laser (785 nm with DPSS 

785nm Laser, exposure time of 16s). The nitrogen 

adsorption-desorption method was applied in the 

mesostructural parameters investigations in which 

the samples were initially degassed at 353 K for 24 h. 

The Bruaauer–Emmett–Teller (BET) technique and 

Barrett–Joyner–Halenda (BJH) model were used in 

the measurements of specific surface area and pore 

diameters of the nano-carbon particles, respectively. 

The microstructural characterizations were carried 

out using a field-emission scanning electron 

microscope (FE-SEM, TESCAN Mira 3-XMU) and 

a transmission electron microscope (TEM, Philips 

CM120, operation voltage of 100 kV). 

A ZIVE-SP1 potentiostat-galvanostat (Wonatech-

Korea) was used in the electrochemical analysis of 

the samples. The test setup was designed as a three-

electrode system, including a platinum wire as a 

counter electrode, saturated calomel as the reference 

electrode, and samples as the working electrodes. 

The working electrodes were prepared using a 

mixture of the synthesized carbon particles and silver 

paste, coated on cleaned FTO glass (1×1 cm2) sheets. 

An aqueous solution of 0.5 M Na2SO4 was also 

applied as the electrolyte. 

The cyclic voltammetry (CV) vs. SCE curves were 

then captured in the potential range of -0.2 to 0.5 V 

through the varying scan rates of 10 to 100 mV s-1. 

The galvanostatic charge-discharge measurements 

were then carried out at 2-10 A g-1 over a voltage 

range of -0.2 to 0.5 V vs. SCE. The electrochemical 

impedance spectroscopy (EIS) measurements were 

also performed in the frequency range of 10-2 to 105 

Hz at an open-circuit voltage (the amplitude of 0 V). 
 
3- Results and discussion 
The obtained hydrothermal carbon at three different 

temperatures (100, 150, and 200 ºC) are shown in 

Fig. 1. These powders were collected by 

centrifugation after the autoclave was cooled to room 

temperature. It can be observed that the best 

temperature is 200 ºC because the product color was 

not black in two other temperatures, indicating the 

carbon was not formed completely. 
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Fig. 1. Obtained hydrothermal carbon derived from the leather leaf at three different temperatures; a) 100, b) 150, and 

c) 200 ºC 

 

The XRD pattern of nano-porous carbon spheres 

shown in Fig. 2 indicates two broad peaks around 23° 

and 43°. The peaks are respectively attributed to the 

(002) and (100) planes of the graphite-like carbon. 

However, based on the broadness of the peaks, the 

activated nano-porous carbon can be considered 

semi-crystalline materials. 

 

 
Fig. 2. X-ray diffraction (XRD) patterns of nanoporous carbon spheres derived from leather leaf 

 
While the presence of graphitic structure in the 

obtained carbon particles cannot be well-indicated by 

the XRD, any ordered/disordered structure of the 

graphite flakes, known as a witness of graphene 

formation, can be detected via Raman spectroscopy. 

The typical Raman spectra of the activated nano-

porous carbon particles are presented in Fig. 3. As 

can be seen, two peaks can be observed at 1320 and 

1585 cm-1, which are assigned to the characteristic D 

(defects and disorder) and G (graphitic) bands of 

carbon, respectively [24]. The G/D ratio of band 

intensities can be considered as an indicator of 

disordering and/or defects in the graphitic structure 

[25].  The G/D intensity ratio of carbon spheres was 

determined to be about 1.04. This result indicates that 

the porous carbons were relatively graphitized at low 

temperatures. 
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Fig. 3. Typical Raman spectra of the activated carbon particles obtained by hydrothermal carbonization 

 

As shown in Fig. 4, the hydrothermal carbonization 

of leather leaf resulted in 2-5 µm diameter spherical 

carbon particles. This kind of spherical micro-sized 

particles was commonly observed for the 

hydrothermal carbons derived from mono- and 

polysaccharides (e.g., sucrose, glucose, starch, and 

cellulose) [26-29]. Upon KOH activation, the 

spherical morphology was still maintained in 

activated carbon, as evidenced by the SEM and the 

TEM images (Fig. 4 and 5). Fig. 5 shows the TEM 

image of the synthesized porous spheres with 

nanopores. These results reveal good stability of 

nanoporous carbon spheres, which are without any 

collapse during the high-temperature carbonization. 

 

 
Fig. 4. FE-SEM images of nanoporous carbon spheres derived from leather leaf with spherical morphology 
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Fig. 5. TEM image of a single particle of nanoporous carbon 

 

To further investigate the porosity, the surface area of 

the obtained nano-porous carbon particles was 

quantitatively measured through the Brunauer–

Emmett–Teller (BET) method. Nitrogen adsorption-

desorption isotherms of carbons are shown in Fig. 6. 

As can be seen, the adsorption isotherms are strongly 

dependent on the preparation conditions, which 

address the significance of the chemical activation 

process in controlling the surface area of the 

synthesized materials. The clear nitrogen uptakes, 

observed at low relative pressures (P/P0<0.1), address 

the reversible type I isotherm that is commonly 

observed in microporous solids with relatively small 

external surfaces. Such limited uptake behavior is 

mainly derived by the volume of the accessible 

micro-pores rather than the internal surface area. 

Moreover, a slight increase in nitrogen uptake is 

observed at higher relative pressures. A small 

hysteresis loop was also observed at a higher relative 

pressure region. These situations have been often 

seen in nano-porous materials with randomly 

arranged pores having various sizes. The BET-

specific surface area of nano-porous carbon spheres 

is calculated to be 1342 m2g-1. 

 

 
Fig. 6. Nitrogen adsorption and desorption isotherms measured at 77 K for the nanoporous carbon spheres 
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The pore size distribution (PSD) plot calculated by 

the Barrett-Joyner-Halenda (BJH) method is 

presented in Fig. 7. It resembles materials with 

narrow pore size distributions, a high ratio of micro-

pores, and near mono-modal PSD curves with 

average diameters of 2 nm. Accordingly, smaller 

pores (1 ~ 2 nm) are detected in the carbon nano-

spheres obtained from the KOH-activated samples. 

 

 
Fig. 7. Barrett-Joyner-Halenda (BJH) pore size distributions isotherm of nanoporus carbon spheres 

 
The electrochemical capacitive properties of leather 

leaf-derived carbon materials were measured in 0.5 

M Na2SO4 electrolyte using a three-electrode system. 

Fig. 8 depicts the CV curves of the carbon at the scan 

rate ranging from 10 to 100 mV s-1. The relatively 

rectangular-shaped CV curves of all the activated 

carbons resemble the typical characteristic of double-

layer capacitance. Moreover, as shown in Fig. 8, the 

porous carbon still presents a relatively rectangular 

CV shape at a high scan rate of 100 mV s-1, which 

confirms the efficient charge transfer and electrolyte 

diffusion within the nanoporous carbon spheres [30]. 

 

 
Fig. 8. Cyclic voltammetry (CV) curves of carbon spheres at various scan rate ranging from 10 to 100 mV s-1 
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The galvanostatic charge-discharge curves of the 

carbons at a current density of 2 A g-1 are shown in 

Fig. 9. The relatively triangular shape curves indicate 

good reversibility of the carbon materials. The 

specific capacitance was calculated according to the 

following equation: C=it/mV, where i is discharge 

current (A), t is discharge time (s), and V is a 

potential window (V) [31, 32]. The obtained specific 

capacitances value is 374 F g-1. 

 

 
Fig. 9. Galvanostatic charge-discharge curves (chronopotentiometry) of the nanoporous carbons 

 
Fig. 10 shows the Nyquist plots of carbons in the 

frequency range of 10-2 to 105 Hz under open circuit 

potential. As can be seen, the nanoporous carbon 

particles show good capacitive behavior, including a 

vertical slope at the low-frequency region. At higher 

frequencies, the intercept of the plot with the real axis 

represents the equivalent series resistance (ESR) Rs, 

which is occurred due to the combination of the 

effects of ionic resistance of the electrolyte, intrinsic 

resistance of the active materials, and contact 

resistance with the current collector [33]. At medium 

frequencies, Nyquist plots exhibit a Warburg-type 

line with a slope of about 45o. Projecting the length 

of the Warburg line on the real axis can result in 

increased diffusion of ions at the electrode-

electrolyte interface [34]. As shown in Fig. 9, the 

carbon spheres demonstrate the short Warburg-type 

line, indicating superior ion diffusion in the 

mesoporous structure of carbon spheres. 

 

 
Fig. 10. Electrochemical impedance spectra (EIS) or Niquist plot of the activated carbons 
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4. Conclusion 
Nano-porous carbon spheres have been successfully 

synthesized via a template-free hydrothermal 

assisting pyrolysis method using the leather leaf as a 

low-cost precursor material. Results showed that the 

best temperature for the hydrothermal stage is 200 ºC. 

Compared with the products obtained by single 

hydrothermal treatment or annealing treatment, the 

carbon spheres have the largest specific surface area, 

exhibit suitable electric double-layer capacitance. 

The results of porosimetry through the N2 adsorption-

desorption method indicated the highest surface area 

of 1342 m2g-1. 

The rectangular shape of the CV curves in this study 

showed the typical characteristics of double-layer 

capacitance. Notably, the synthesized carbon 

particles derived by the KOH activation agents 

presented a high capacitance of 374 F g-1. The 

superior capacitive properties of carbon spheres are 

closely related to their high surface area, optimized 

microporous structure, and narrow pore size 

distribution. This work demonstrates that the textural 

properties of carbon materials derived from biomass 

can be finely modulated by KOH activation. The 

leather-leaf derived carbon sphere materials have 

promising potential in the application of energy 

storage devices. 
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