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The porous activated carbons derived from walnut epicarp is utilized as activated carbon electrodes for 

supercapacitors. The field emission scanning microscope and transmission electron microscopy tests 

demonstrate that the nutshell porous activated carbons (WEPACs) treated with ZnCl2 can produce a 

large number of mesopores. As an electrode material for supercapacitor, the WEPACs possess high 

specific capacitance of 235 F·g−1 at a current density of 0.5 A·g−1 in three−electrode systems. As 

assembled WEPACs//WEPACs symmetric supercapacitor device exhibits specific energies of 17.1 

Wh·kg−1 at a power density of 299 W·kg−1 and in the voltage range of 0−1.2 V. Moreover, it retaineds 

about 90.3% of the initial capacitance after 5000 charge−discharge cycles, indicating an excellent cyclic 

stability. 
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1. INTRODUCTION 

Supercapacitors, as promising energy storage devices, have attracted more and more attention 

due to the higher energy densities, faster charging rate, higher power densities, longer cycling life and 

better operation safety than traditional batteries. For these reasons, supercapacitor has a broad application 

in portable elec-tronic equipment, electrical car, and so on [1-10]. According the mechanisms, 

supercapacitors can be generally divided into two types, the electrical double layer capacitors (EDLCs) 

and pseudo-capacitors. The storing energy of EDLCs is based on electrostatic attraction to generate 

charge accumulation at the electrode/electrolyte interface in the electrical double-layers, while the 

storing energy of pseudo-capacitors is stored by the fast and reversible redox reactions at the surface of 

the activated electrode materials [11-14]. It is generally accepted that the performance of supercapacitors 

greatly depends on the electrode materials [10]. Much efforts have been and are being exerted to explore 
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new materials for ideal supercapacitor electrodes regarding the carbon materials [15-19], conducting 

polymers [20, 21], different transition metal oxides [22, 23]. Carbon materials is mainly based on the 

specific surface area of porous carbon electrode, such as activated carbon and mesoporous carbon, this 

essentially depends on the electric double layer capacitance by ion adsorbed on the surface of electrode 

materials. Carbon materials are widely used as electrode materials, which are also one of the most 

common and important candidates of supercapacitor electrode because of their outstanding cycle ability, 

high conductivity, large surface area, availability, and low-cost [24-27].  

The incorporation of heteroatoms, especially nitrogen doped carbon materials can greatly 

increase the specific capacitance, because the containing nitrogen functional groups can improve the 

wettability of carbon materials to electrolyte solution, enhancing the electronic conductivity, while 

maintaining the well cycle performance [28-30]. Consequently, it is important to find an simple method 

and a new precursor which is high nitrogen content, cheap and environmental friendly to prepare 

nitrogen doped carbon materials. Recently, renewable waste biomass for preparation of activated carbon 

used for supercapacitor electrodes has become of great interest to use for energy storage on a large scale 

around the world [31-33]. In fact, many waste biomass such as lignocellulosic, wood, sunflower marrow, 

and orange peel are potential sources of activated carbon materials. The biomass activated carbon 

displays well electrochemical performance due to the moderate pore size distribution, large specific 

surface area and rich oxygen and nitrogen containing functional groups on the surface [34]. Therefore, 

it is significant to prepare biomass activated carbons, which have a high additional value and wide range 

of application from waste biomass. 

In this paper, we present an effective synthetic route to prepare active carbons from the walnut 

epicarp, and the nutshell porous activated carbons (WEPACs) were activated by ZnCl2 to improve their 

pore structures and surface performances. The influence of chemical activation on capacitances and the 

surface properties of the WEPACs were observed, in addition to the three electrode and two electrode 

cells were fabricated to estimate the electrochemical performance of the WEPACs electrode. 

 

 

 

2. EXPERIMENTAL 

2.1 Materials and Synthesis of porous activated carbon 

All chemical reagents were in analytical grade. 

The WEPACs was prepared from walnut epicarp, the certain amount of the nutshell sample was 

carbonized at 800 °C for 3 h in a tube furnace under argon protection. The prepared WEPACs were 

activated by ZnCl2. Firstly, 1.0 g dried nutshell powder, 2.0 g ZnCl2 and 50 mL pure water were mixed 

under stirring to form a homogeneous solution. Secondly, the homogeneous solution was transferred 

into a flask and kept at 105 °C under stirring to completely evaporate solvent. After that, the dried solid 

samples were carbonized at 850 °C for 3 h in a tube furnace under a argon atmosphere, then the products 

were washed with 10 wt% HCl and deionized water to remove metal ions till the filtrate became neutral. 

Finally, the resulting nutshell porous activated carbons were obtained after dried at 60 °C in vacuum for 

12 h.  
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2.2 Three-Electrode Cell Fabrication 

A typical three-electrode experimental cell was used to investigate the electrochemical 

performances of the WEPACs with a CHI 660E electrochemical workstation at room temperature.  The 

three-electrode system equipped with a working electrode, reference electrode, and counter electrode for 

measuring the electrochemical properties of working electrode and its performance as a supercapacitor. 

The platinum foil was used as counter electrode, and a Hg/HgO as reference electrode. The working 

electrodes were prepared by pressing mixtures of the WEPACs, acetylene black and 

polytetrafluoroethylene (PTFE) binder (weight ratio of 85:10:5) onto a nickel foam current collector. All 

electrochemical measurements were carried out in 6 mol·L–1 aqueous KOH solution as electrolyte. 

 

2.3 Two-Electrode Cell Fabrication 

The capacitive performance of the WEPACs was further studied using a two-electrode 

experimental cell. The working electrodes were prepared by mixing the WEPACs with the acetylene 

black and PTFE binder (85:10:5) in ethanol. After that, the slurry was coated on a diameter of 1.0 cm–2 

nickel foam and dried at 60 °C for 6 h, then used the roller to press the nickel foam into sheets under 10 

MPa. The coated sample mass of each electrode was between 3.0 and 5.0 mg. When we study the sample 

performance, we chose two electrodes with equal or very close weight for the measurements [35]. The 

WEPACs electrode fitted with the separator (thin polypropylene film) and 6 mol·L–1 aqueous KOH 

electrolyte solution were symmetrically assembled into electrode/separator/electrode sandwich-type 

cells.  

 

2.4 Characterization and electrochemical measurements 

The morphologies of the WEPACs were characterized by a field emission scanning microscope 

(FE-SEM, Sigma 500, Carl Zeiss, Germany). X-ray diffraction (XRD) of samples was examined by a 

powder X-ray diffraction on Rigaku Ultima IV X-ray diffractometer with Cu Kα irradiation (λ=0.15406 

nm). 

The electrochemical performance of the WEPACs were studied by cyclic voltammetry (CV), 

galvanostic charge/discharge and electrochemical impedance spectroscopy (EIS) measurements in a 

typical tree-electrode system and two-electrode sandwich-type cells using a CHI 660E electrochemical 

workstation at room temperature. The cycle stability was investigated using cycling equipment (LAND 

CT2001A, Wuhan China).  

 

 

3. RESULTS AND DISCUSSION 

The typical FE-SEM images of the WEPACs are displays in Fig. 1, which shows the porous 

morphology. Fig. 1 displays abundant loose porous and three-dimensional network structure. As 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

10982 

prepared pristine carbon samples from nutshell have a smooth monolith surface without apparent pores 

(Fig. 1a). 

 

 
 

 
 

Figure 1. SEM images of WEPACs (a), and WEPACs treated with ZnCl2. 
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However, as the sample treated with ZnCl2, the surface morphology of WEPACs were changed. 

The WEPACs sample exhibits porous structure and rough surface (Fig. 1b), which produced high 

specific surface area and large pore volume.  

 

 
 

 
 

Figure 2. (a), and (b) TEM images of WEPACs under different magnification. 
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TEM are further employed to investigate the structure of WEPACs, the results are shown in Fig. 

2a and b. As can be seen from low magnification TEM images (Fig. 2a), the WEPACs display a certain 

amount of pore structure, which is in agreement with the results of FE-SEM image analysis. The high-

magnification TEM images are shown in Fig. 2b. The result indicate that the WEPACs may present 

some lattice disorder architectures and structural defects. These lattice disorder architectures and 

structural defects would play a significant role in electrolyte ion and charge accommodation region.  

 

 

 
 

Figure 3. (a) XRD pattern and (b) Raman spectra of WEPACs. 

 

Fig. 3a shows the XRD pattern, which exhibits two typical broad peaks at 2θ of about 23° and 

43° corresponding to the (002) and (100) plane reflection. This result reveals the amorphous nature of 
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activated carbon. The Raman spectrum of the WEPACs is presented in Fig. 3b. As can be seen from the 

Raman spectra, the WEPAC shows two obvious peaks at about 1354 (D-band) and 1582 cm−1 (G-band), 

respectively.  
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Figure 4. (a) CVs of WEPACs electrode at various scan rates from 10 to 80 mV·s−1 between −1.1 and 

−0.1 V (vs. Hg/HgO) in 6 M KOH aqueous solution; (b) The charge/discharge measurement of 

WEPACs at different current densities; (c) Nyquist plots from WEPACs electrode.  

 

 

The D-band is a distinctive characteristic of the structural defects and disordered of the carbon 

materials, while the G-band is closely associated with a graphitic carbon phase with an sp2 electronic 

configuration, such as graphene layers [36]. Furthermore, WEPACs exhibit a slightly lower intensity of 

D-band and a strong signal of G-band (ID/IG = 0.97), indicating that the WEPAC is composed of 

turbostratic carbon with a weakly ordered graphitic microstructure. This microstructure could play an 

important role in charge accommodation, and thus improve the electrical conductivity of materials. 

The CVs of WEPACs electrodes were measured at a different scan rates (10−80 mV·s−1) in 6 

mol·L−1 KOH electrolyte and the potential range of 0−1.2 V, respectively (Fig. 4a). The CV curves of 

WEPACs electrodes exhibit rectangle-like shapes. In addition, quasi-rectangular shape of the CV curves 

of WEPACs electrode observed even at a scan rate of up to 80 mV·s−1 (Fig. 4a), suggesting that this 

electrode material displays a extraordinary high rate capability. Fig. 4b shows the galvanostatic 

charge/discharge measurement results. The results were carried out at various current densities ranging 

from 0.5 to 10 A·g−1 within the potential window from −1.1 to −0.1 V of the WEPACs electrodes. The 

WEPACs possessed highly symmetrical galvanostatic charge/discharge curves, indicating that these 

electrodes have excellent electric double-layer capacitors characteristic and electrochemical 

reversibility. Furthermore, it is obviously that the capacitance slowly decreased with the increase of 

current densities. The capacitance value is 235 F·g−1 at a current density of 0.5 A·g−1, which indicates 

the porous and fluffy reticular structure can enhance the kinetics of ion and electron transportation at the 

electrode/electrolyte interface and in electrodes. Even though the current density is as high as 10 A·g−1, 
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the specific capacitance still maintains at a high value of about 182 F·g−1, remaining about 77% 

capacitance retention, suggesting an high rate capability and cycling stability. The Electrochemical 

impedance spectroscopy measurement for the WEPACs shown in Fig. 4c.  
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Figure 5. (a) Cyclic voltammograms of the WEPACs symmetric two electrode cell at different voltage 

windows in 6 M KOH electrolyte; (b) Cyclic voltammograms of the WEPACs symmetric two 

electrode cell at various scan rates; (c) Charge/discharge curves of WEPACs symmetric cell at 

various current densities; (d) Ragone plot related to energy and power densities of WEPACs 

symmetric cell; (e) Nyquist plots base on WEPACs symmetric two-electrode cell; (f) Cycling 

stability of the WEPACs symmetric two electrode cell. 
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It can been found, the impedance spectra of the WEPACs shows obvious semicircle at the high 

frequency region due to porosity of the sample and a sharp line at the low frequency region due to 

diffusion controlled doping and undoping of anions that result from Warburg behavior. The results 

indicate this materials have good electrochemical performances and electronic conductivity. 

Furthermore, we also assembled symmetric two electrode supercapacitor to assess the 

electrochemical performance of WEPACs electrode. The as-fabricated symmetric two electrode cell was 

first measured at different potential windows from 1.0 to 1.2 V at 20 mV·s−1, and the results were shown 

in Fig. 6a. Obviously, when the high voltage increases to 1.2 V, the CV curves of the supercapacitor still 

remain rectangular-like shape that indicates ideal capacitive behavior and good reversibility. Therefore, 

the detailed investigation of WEPACs symmetric supercapacitor is performed in the voltage range of 

0−1.2 V. Fig. 5b displayed the typical CV curves at different scan rates from 10 to 80 mV·s−1. We can 

see that the CV curve area increases with increasing scan rate, there is no obvious change and still keep 

a quasi-rectangular shape even at a scan rate of 80 mV·s−1. Fig. 6c shows the charge/discharge curves of 

the electrode at different current densities from 0.5 to 10 A·g−1, indicating a good capacitive performance 

of the symmetric cell. The Ragone plot of the WEPACs//WEPACs symmetric supercapacitors describing 

the relationship between power density and energy density in the potential range of 0−1.2 V is shown in 

Fig. 5d. The WEPACs//WEPACs symmetric cell displays the highest value of energy density is 17.1 

Wh·kg−1 at a power density of 299 W·kg−1. At the same time, value of energy density is even remained 

11.3 Wh·kg−1 at a power density of 5657 W·kg−1. These results suggest that the WEPACs materials may 

be a promising electrode materials for supercapacitors. The resistive and capacitive behavior was studied 

by using electrochemical impedance spectroscopy and exhibited in Fig. 5e. In the high-frequency region 

of the electrochemical impedance spectroscopy, the imaginary part (Z’) of the impedance is very small 

and the real part of resistance (Z’’) is in corresponding with the ohmic resistance from the electrolyte 

and the interface between the current collector and the active material (Rs). At the same time, in the low-

frequency region almost vertical curve represents the ideal capacitance behavior of the carbon materials 

[37]. As shown in Figure 5e, the internal resistance of the test symmetric cell is 0.79 Ω, indicating the 

high electrical conductivity. The cycling stability of WEPACs//WEPACs symmetric cell was carried out 

by continuous charge/discharge cycling at a current density 1 A·g−1 for 5000 cycles, and the results were 

shown in Fig. 5f. The cell exhibits good cycle stability, after 5000 charge/discharge cycles, about 90.3% 

of the initial capacitance is retained for the WEPACs//WEPACs symmetric cell. 

 

Table 1. Representation of the performance of porous carbon materials from various biomass carbon 

materials as electrodes for supercapacitors. 

 

Biomass Electrolyte 
Specific 

capacitance 

Current 

density 
Ref. 

Pomelo peel 1 M TEA BF4-PC 163 F·g−1 0.5 A·g−1 [37] 

Bamboo 1 M H2SO4 318 F·g−1 0.2 A·g−1 [38] 

Bamboo 6 M KOH 222.0 F·g−1 0.5 A·g−1 [39] 
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Rape pollen 1.0 M Na2SO4 361.6 F·g−1 1 A·g−1 [40] 

Coconut shell 1 M TEMABF4 91.15 F·g−1 0.2 A·g−1 [41] 

Green tea waste 1.0 M Na2SO4 162 F·g−1 0.5 A·g−1 [42] 

Oil-tea seed shell 6 M KOH 350.2 F·g−1 0.5 A·g−1 [43] 

Walnut epicarp 6 M KOH 235 F·g−1 0.5 A·g−1 This work 

 

Although the performance of the WEPACs for supercapacitors were not the best compared with 

some work reported previously (Table 1), the current density up to 10 A·g−1, the specific capacitance 

still maintained in a high specific capacitance value about 182 F·g−1, remaining about 77% capacitance 

retention, indicating an excellent rate capability and cycling stability.  

 

 

 

4. CONCLUSIONS 

In summary, we have prepared porous activated carbons using walnut epicarp by ZnCl2 as 

activation agent, the resulting porous carbon demonstrates porous morphology, a loose, which produce 

large pore volume and high specific surface area. As an electrode materials for supercapacitors, the 

WEPACs electrode possess a maximum capacitance of 235 F·g−1 at a current density of 0.5 A·g−1 in 

three-electrode systems. Furthermore, the assembled WEPACs//WEPACs symmetric supercapacitor 

device exhibits specific energies of 17.1 Wh·kg−1 at a power density of 299 W·kg−1 and in the voltage 

range of 0−1.2 V. Moreover, it retaineds about 90.3% of the initial capacitance after 5000 

charge−discharge cycles, indicating an excellent cyclic stability. This outstanding capacitive properties 

demonstrate that this porous activated carbons have great potential in developing supercapacitor with a 

high power density, energy density, coulombic effificiency and long-term cycle stability. 
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