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ABSTRACT

Porous carbon is highly desired in supercapacitor electrodes due to high specific 

surface area, ample pore size and superior electrochemical stability. Yet developing a 
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1. INTRODUCTION

Batteries and supercapacitors are playing a crucial role in energy storage and

conversion applications.1-5 Long operating life and high power density make 

supercapacitors an ideal candidate for energy storage devices.6 As a typical electric 

general and simple synthetic method to prepare porous carbon remains challenging. 

Meanwhile, recycling waste to obtain high value-added materials is an effective way 

to solve environmental pollution and resource shortage problems. Herein, a general 

one-step solid-state pyrolysis method is developed to synthesize multi-hierarchical 

porous carbon using bio-wastes as precursors and potassium ferrate as pore-forming 

agent. This method is superior to the traditional two-step or multi-step method due to 

its simple procedures, low cost, little pollution and time-saving features. Multiple 

pore-forming effect derived from potassium ferrate is responsible for such 

multi-hierarchical porous structure. The resulting porous carbon is used to fabricate 

symmetrical supercapacitors, exhibiting specific capacitances of 291.2 F g-1 at 1 A g-1 

and 240.1 F g-1 at 10 A g-1, and exceptional cyclic stability with 93.2% of the 

capacitance retention over 100,000 cycles. Furthermore, such method is applied to 

other five bio-wastes, verifying its universality. In addition, the multiple pore-forming 

mechanism of potassium ferrate is investigated. This work provides a simple and 

general method to convert abandoned bio-wastes into ideal supercapacitor electrode 

materials, which holds great potential in energy storage applications.

Keywords: Bio-waste; potassium ferrate; solid-state pyrolysis; hierarchical porous 

carbon; supercapacitors



double layer capacitive material, carbon materials have been deeply investigated as 

electrode materials for supercapacitors,7 such as activated carbon,8 carbon nanotubes,9 

carbon aerogels,10 carbon fibers11 and graphene.12,13 

Besides aforementioned carbon materials, biomass carbon has been used in 

supercapacitors and plays a key role in the development of electrode materials. 

Biomass carbon is generally prepared by high temperature carbonization using 

various biomass materials as precursors. For instance, rice bran,14 coffee beans,15 

popcorn,16 seaweed,17 poplar wood,18 prolifera19 and sugarcane bagasse20 have been 

used as carbon sources to prepare biomass carbon. The synthesis of biomass carbon 

can not only provide more choices for electrode materials, but also effectively dispose 

of annoying wastes and protect the environment, which is a good strategy of killing 

two birds with one stone.

The synthesis of biomass carbon usually includes two steps or even more 

complicated procedures, such as pre-carbonization, carbonization, activation and so 

on.21,22 The complex process, high cost and time-consuming characteristics are the 

main drawbacks of existing methods. It is necessary to develop a simple, economical 

and green approach to prepare biomass carbon. 

Potassium ferrate is an excellent oxidizing agent, which possesses the efficient 

disinfection property. Potassium ferrate can be decomposed into potassium hydroxide 

and ferric hydroxide at high temperatures and both of them contribute to the 

generation of porous structure.23 Thus, it is possible to synthesize multi-hierarchical 

porous carbon by introducing potassium ferrate in solid-state pyrolysis processes.
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In this work, waste tea derived porous carbon (WTPC) was synthesized by a simple 

one-step solid-state pyrolysis method, using potassium ferrate as the pore forming 

agent. The as-obtained WTPC was used as electrode materials for ultra-long life 

supercapacitors and its electrochemical properties were evaluated. The as-fabricated 

supercapacitor yielded a specific capacitance of 291.2 F g-1 at 1 A g-1, and prominent 

cyclic performance with 93.2% of capacitance retention after as long as 100,000 

cycles. To explore the universality of this strategy, other five types of biomass waste 

including shrimp shell, chestnut shell, lamb bone, pomelo peel and peanut shell were 

used to synthesize porous carbon by the same protocols. This simple, time-saving and 

green synthetic method provides an ideal choice for the synthesis of biomass carbon, 

demonstrating a great potential in the disposal of various biomass wastes. This work 

is a meaningful attempt to recycle bio-wastes and maximize the use of precious 

natural resources, which is vital for our society with a growing shortage of resources. 

2. EXPERIMENTAL

2.1 Preparation of WTPC

  The one-step solid-state pyrolysis method was used to synthesize many biomass 

derived carbon materials, while for simplicity, the synthetic process using waste tea as 

raw materials was described in detail. Schematic diagram for the synthesis of WTPC 

is shown in Figure 1. First of all, waste tea was collected and washed to remove 

undesirable impurities. The above sample was dried and grinded into powder 

afterwards. Next, 0.5 g of waste tea powder and 3 g of potassium ferrate powder were 

grinded together for 1 h until they were uniformly mixed. Subsequently, the above 
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mixture was transferred to a porcelain boat and annealed at 800 ℃ for 1 h under 

nitrogen protection in a tube furnace. Finally, the product was collected, washed with 

hydrochloric acid solution and deionized water, and dried at 70 ℃ overnight to obtain 

WTPC. The same protocols were applied to shrimp shell, chestnut shell, lamb bone, 

pomelo peel and peanut shell as well. In addition, the controlled experiments without 

the potassium ferrate were carried out to determine the multiple pore-forming effect 

of potassium ferrate in the synthetic process.

Figure 1 Schematic diagram for the synthesis of WTPC and charge transfer in WTPC electrodes.

2.2 Characterization

Scanning electron microscopy (SEM) was operated with a Nova NanoSEM 450 

incorporated with an Energy dispersive spectrometry (EDS). Transmission electron 

microscopy (TEM) was performed on a FEI TF30 microscope. X-ray diffraction 

(XRD) was conducted on an X-ray diffractometer (Rigaku MiniFlex 600) with Cu Kα 
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Cs can be calculated by equation (1), and E and P can be obtained from equations 

radiation. Nitrogen sorption isotherm was tested by a Micromeritics ASAP 2020 

analyzer. Chemical compositions were investigated by X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250). 

2.3 Electrochemical measurement

WTPC and polytetrafluoroethylene (weight ratio of 90: 10) was mixed thoroughly. 

Anhydrous ethanol was used to disperse the above mixture by sufficient grinding. The 

resulting paste was coated onto a nickel foam and dried at 80 ℃ for 8 h. The exact 

weight of active material was determined according to the difference between weights 

of the bare and coated nickel foam. Cyclic voltammograms (CV, CHI 760E) were 

recorded in a potential range of -1 to 0 V. Platinum foil and Hg/HgO were employed 

as counter and reference electrodes, respectively. Electrochemical impedance 

spectroscopy (EIS, CHI 760E) was conducted with 5 mV amplitude from 100 kHz to 

0.1 Hz. Electrochemical tests were accomplished in KOH solution (6 mol/L). 

To explore the practical application of the synthesized WTPC, symmetrical 

supercapacitors with two identical working electrodes were assembled. The charge 

and discharge characteristics of the assembled device were tested by galvanostatic 

charge-discharge (GCD, LAND CT2001A). All electrochemical properties including 

specific capacitances (Cs, F g-1), energy density (E, Wh kg-1) and power density (P, W 

kg-1) were calculated based on GCD results of the assembled supercapacitors 

(two-electrode system).
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(2) and (3).24

Cs = 2I∆t/m∆V (1)

E = Cs (∆V)2/(4×3.6) (2)             

P = E/∆t (3)

 where I is the current (A), △t is the discharge time (s), m is the mass of WTPC (g), 

△V is the potential range (V). 

3. RESULTS AND DISCUSSION

Figure 2 shows the structural characterizations of WTPC. SEM images with

different magnifications demonstrate the bulk, skeleton structure of pristine waste tea 

(Figure 2a, b). Figure 2c & d display micro-, meso- and macro-porous structure of the 

as-obtained WTPC, which shows the typical multi-hierarchical porous structure. 

Moreover, the detailed micro-structure of WTPC can be verified by the high 

magnification SEM image in Figure 2e. A large quantity of pores with size of 

approximately 40 nm can be clearly observed. Figure 2f illustrates the EDS mapping 

of the as-synthesized WTPC, which only shows carbon and oxygen element, 

indicating no impurities were introduced into the product. This result is also validated 

by the XPS spectrum of WTPC in Figure 2k. Morphologies of other five porous 

carbon materials synthesized by this one-step solid-state pyrolysis method are shown 

in Figures S1-5.

The multi-hierarchical porous structure was further confirmed by TEM. As shown 

in Figure 2g, a large number of pores with size of approximately 40 nm can be 
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Figure 2i demonstrates the nitrogen sorption isotherm of WTPC. It is a classical IV 

observed. These pores increase the interfacial contact area between WTPC and 

electrolyte and allow rapid diffusion of electrolyte ions, rendering superior ion 

transport and electrochemical performance. To confirm the multiple pore-forming 

effect originated from potassium ferrate, controlled experiments without using the 

potassium ferrate were carried out. SEM and TEM images of the controlled sample 

are shown in Figure S6, illustrating irregular bulk morphologies and a few pores. 

There is a big difference between morphologies of WTPC and controlled sample, 

which confirms the pivotal role of potassium ferrate in the synthetic process.

Two sharp diffraction peaks appear at 26.5° and 43.3° in the XRD pattern 

of WTPC (Figure 2h), which can be ascribed to the (002) and (100) planes, 

respectively. The strong intensity and well defined shape of the diffraction peaks 

reveal good crystalline structure of the as-synthesized WTPC.25 This result is 

different from most biomass derived carbon materials reported previously, which 

show (002) diffraction peaks with weak intensity.25 To investigate the great effect of 

potassium ferrate on the structure of carbon, XRD pattern of carbon prepared 

without using potassium ferrate is shown in Figure S6g (see Electronic 

Supplementary Material, ESI). The improved crystallinity of WTPC is attributed to 

the graphitization process at high temperature catalyzed by the iron element, which 

is derived from the decomposition of potassium ferrate. It is noteworthy that other 

five porous carbon materials synthesized by the same protocols exhibit similar 

XRD pattern with strong and well defined (002) diffraction peak, demonstrating 

the universality of this method.



type isotherm, which confirms the existence of mesopores.19 Furthermore, a high 

specific surface area (SSA) calculated by the nitrogen adsorption/desorption results is 

1671.6 m2 g-1. Pore size distribution of WTPC is depicted in Figure 2j. Clearly, 

WTPC manifests a decentralized distribution (﹤2 nm, ~40 nm and 80 nm). Such large 

specific surface area and decentralized distribution guarantee fast ion transport and 

improve capacitive performance.21,26,27 These pores increase the interfacial contact 

area between WTPC and electrolyte and allow rapid diffusion of electrolyte 

ions, rendering superior ion transport and electrochemical performance. Nitrogen 

sorption isotherm of carbon prepared without using potassium ferrate is shown in 

Figure S6h (see ESI), and its SSA is only 84.5 m2 g-1. This result also confirms 

the multiple pore-forming effect of potassium ferrate in the synthetic process of 

multi-hierarchical porous carbon. Chemical compositions of WTPC can be obtained 

from XPS analysis, as shown in Figure 2k. Two photoelectron peaks at 284.5 and 

532.0 eV correspond to C1s and O1s respectively,28 revealing that WTPC 

consists of C and O element without any impurities. This result concurs with the 

EDS mapping analysis. Figure S7 shows the Raman spectra of the pristine carbon 

prepared without using potassium ferrate and WTPC. Two prominent peaks 

appear at ~1330 and ~1590 cm-1, corresponding to the D and G band, 

respectively. The ratio of D to G band (ID/G) is a powerful indicator of the disorder 

degree for carbon materials.25-27 WTPC shows higher ID/G than the pristine 

carbon, indicating that more structural defects are introduced during the reaction 

between potassium ferrate and biomass sources.
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Figure 2 SEM images of waste tea (a, b) and WTPC (c-e); EDS mapping (f), TEM image (g), 

XRD pattern (h), nitrogen adsorption/desorption isotherm (i), pore size distribution (j) and XPS 

spectrum (k) of WTPC.

  CV curves of the WTPC electrode are displayed in Figure 3a. The 

quasi-rectangular shape of all four curves indicates electric double layer capacitive 

(EDLC) behavior.29 As shown in Figure 3b, the Nyquist plots of the WTPC electrode 

comprise a sloping line in low-frequency domain and a semicircle in high-frequency 

domain. Small radius of the semicircle and large slope of the line indicate low charge 

transfer resistance and diffusive resistance,26,30,31 thus leading to enhanced 

electrochemical performances. 

Figure 3c shows GCD curves of the assembled symmetrical supercapacitor. The 

perfect triangular shape with negligible deformation and symmetric characteristics of 

GCD curves indicate good EDLC behavior,32 which echoes the CV analysis. Specific 

capacitances of the symmetrical supercapacitor are calculated based on the GCD 



results (Figure 3d). The values are 291.2 F g-1 at 1 A g-1 and 240.1 F g-1 at 10 A 

g-1, indicating good capacitive properties. As expected, specific capacitances 

slowly declined with enlarging current density from 0.1 to 10 A g-1 ( ~76% of 

retention). 

  The cycling property and Coulombic efficiency of the 

symmetrical supercapacitor are demonstrated in Figure 3e. Coulombic efficiency is 

nearly 100% during the whole charge/discharge cycles. The assembled 

supercapacitor exhibits excellent long-term cyclic property with 93.2% of 

capacitance retention over 100,000 cycles. To investigate the reason for such 

outstanding cycling property, SEM of the WTPC electrode after 100,000 cycles is 

conducted and shown in Figure S8. Clearly, the multi-hierarchical porous 

structure of WTPC exhibits negligible changes (collapse, blockage, 

aggregation, etc.), demonstrating its structural integrity and robustness. Such 

structural characteristics ensure the stable and efficient transport of ions and 

electrons in long-term cycles, resulting in superior cycling property. 

Figure 3f shows the Ragone plots of as-assembled symmetrical supercapacitor. An 

energy density of 20.2 Wh kg-1 can be achieved at a current density of 1 A 

g-1. Furthermore, a power density is as high as 4919 W kg-1 at 10 A g-1, while the 

energy density is 16.7 Wh kg-1. These results outperform some previously reported 

carbon based electrode materials.33-40 A detailed comparison of capacitive 

performance between our work with previous reports is summarized in Table 1. 

The detailed capacitive performances of the pristine carbon prepared without 

using potassium ferrate and WTPC are compared in Figure S9. 
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Figure 3 Three-electrode system: CV curves (a) and Nyquist plots (b) of the WTPC electrode; 

Two-electrode system: GCD curves (c), specific capacitances at different current densities (d), 

cycling property and Coulombic efficiency at 1 A g-1 (e), and Ragone plots (f) of the assembled 

symmetrical supercapacitors.
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Table 1 Summary of capacitive performances for different carbon based supercapacitors

Materials Energy density (Wh kg-1) Power density (W kg-1) Electrolyte Reference

3D porous graphitic carbons 7.9 494 KOH 33

Microporous carbon sphere 3.8 500 KOH 34

Hydrogel derived heteroatom 

doped porous carbon networks
5.6 500 KOH 35

N-doped carbon fibers 5.9 1200 H3PO4/PVA 36

Graphene/carbon cloth 1.64 1200 H2SO4/PVA 37

Paper coated with CNT 0.4 2500 H2SO4/PVA 38

3D graphene hydrogel 4.5 5000 H2SO4/PVA 39

Biomass-derived B/N co-doped 

carbon
8.0 6000 KOH 40

WTPC

20.2

18.2

16.7

506

2490

4919

KOH This work

To investigate the generality of this method, various biomass wastes including 

shrimp shell, chestnut shell, lamb bone, pomelo peel and peanut shell are employed as 

raw materials to prepare porous carbon by the same strategy. Figures S1-S5 

demonstrate the SEM images and XRD patterns of these five kinds of biomass waste 

derived porous carbon materials, and GCD curves and cyclic performances of the 

corresponding supercapacitors. The porous carbon materials derived from these 

biomass wastes exhibit similar structures, demonstrating the universality of this 

method. Specific capacitances of the porous carbon originated from shrimp shell, 

chestnut shell, lamb bone, pomelo peel and peanut shell are 234.8, 229.6, 222.8, 216.4 

and 209.1 F g-1 respectively at 1 A g-1. Moreover, they exhibit excellent cyclic 

stability over 100,000 cycles, with 93.3%, 89.7%, 90.8%, 88.6% and 98.1% of the 



capacitance retention, respectively. These results confirm the generality of 

this potassium ferrate assisted one-step method in the synthesis of biomass waste 

derived porous carbon materials.

  To shed light on the reason why the as-obtained porous carbon materials 

exhibit excellent capacitive performance, we investigate the reaction mechanism of 

potassium ferrate in pore-forming processes and find that potassium ferrate would 

decompose into potassium hydroxide and ferric hydroxide at high temperatures.23 

On one hand, potassium compounds, which originate from the decomposition 

of potassium hydroxide at high temperatures, can etch carbon to form carbon 

dioxide and carbon monoxide, resulting in a porous structure. On the other hand, 

ferric hydroxide reacts with carbon to form iron particles under an inert atmosphere at 

high temperatures. The resulting iron particles are removed by the hydrochloric acid 

solution, leaving massive amounts of pores. EDS, XRD and XPS analysis of the 

annealed samples before and after washing by hydrochloric acid were carried out, 

as shown in Figures S10 and S11. 

It can be seen from Figure S10a that the annealed sample before washing 

by hydrochloric acid consists of C, O, K and Fe elements. However, after washing 

by hydrochloric acid, the final product (WTPC) only contains C and O elements. 

Simple substances and compounds of K and Fe are removed during the pickling 

process. XRD pattern of the sample before washing by hydrochloric acid 

(Figure S10b) indicates the existence of potassium carbonate and iron. As shown in 

Figure S11b, the WTPC only demonstrates two prominent peaks at 26.5° and 43.3°, 

corresponding to 
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(002) and (100) planes of carbon, respectively.25 This result confirms the removal of 

potassium compounds and iron after acid pickling process, which can also be proved 

by XPS results. C, O, K and Fe elements appear in the survey scan XPS spectrum of 

annealed sample before washing by hydrochloric acid. In the Fe2p high resolution 

XPS spectrum, a photoelectron peak at 706.7 eV can be attributed to Fe2p3/2 of 

iron.2,13 However, only C1s and O1s photoelectron peaks appear at 284.5 and 532.0 

eV respectively, indicating that WTPC consists of C and O element without any 

impurities.28 This result concurs with the EDS mapping analysis.

Since potassium ferrate plays a key role in the pore-forming processes, the effect of 

potassium ferrate dosage on capacitive performances of the synthesized WTPC has 

been investigated. In the control experiments, the masses of potassium ferrate are 1 g, 

2 g and 4 g, respectively. Accordingly, the as-obtained samples are denoted as 

WTPC-1, WTPC-2 and WTPC-4, respectively. Figures S12-S14 show GCD, specific 

capacitance and cyclic property of these three symmetrical supercapacitors. All of 

them exhibit perfect triangular shape with negligible deformation and symmetric 

characteristics of GCD curves (Figures S12a, 13a and 14a). Clearly, all WTPC 

prepared with different potassium ferrate dosages show good EDLC behaviors. 

Moreover, various WTPC supercapacitors exhibit different specific capacitances at 

different current densities. The specific capacitance increases with increasing the 

mass of potassium ferrate from 1 g to 3 g, and remains stable as the mass is further 

increased to 4 g. Too less potassium ferrate cannot generate enough pores in the 

product, causing deficient ion transport channels and a slow ion transport 
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Figure 4 The structural evolution of WTPC and related reactions in the potassium ferrate 

pore-forming process. 

characteristic. However, further increasing the mass of potassium ferrate to 4 g results 

in a low yield of carbon materials, which is due to the full reaction between potassium 

ferrate and carbon. In addition, all devices exhibit excellent cyclic property 

and Coulombic efficiency. There is no noticeable capacitance fading after 10,000 

cycles at 1 A g-1 for all three devices, as shown in Figures S12c, 13c and 14c. 

Reactions associated with potassium ferrate pore-forming process are shown in 

Figure 4. The multi-hierarchical porous structure and large specific surface area offer 

an interconnected conductive network, sufficient active surface and short ion 

diffusion paths for rapid charge transfer and ion diffusion, leading to the superior 

electrochemical performances.23 More remarkably, the multi-hierarchical porous 

structure simultaneously provides excellent ion reservoir, transport and adsorption, 

avoiding long ion transport distances and large transport resistance, and thus increases 

the ion transport efficiency.19 
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4. CONCLUSIONS

In summary, we developed a simple one-step solid-state pyrolysis method to

synthesize multi-hierarchical porous biomass carbon from waste tea. Multiple pore 

forming effect originated from potassium ferrate resulted in the multi-hierarchical 

porous structure which led to a specific capacitance of 291.2 F g-1 and an energy 

density of 20.2 Wh kg-1 at 1 A g-1 for the assembled WTPC based symmetrical 

supercapacitor. Furthermore, it exhibited a high energy density of 16.7 Wh kg-1 at a 

power density of 4919 W kg-1. In addition, it showed only 6.8% capacitance fading 

over as long as 100,000 cycles. These outstanding performances made the abandoned 

waste tea one type of promising precursor for supercapacitor electrode materials. 

More remarkably, the potassium ferrate assisted one-step solid-state pyrolysis strategy 

was proved to be a universal method to convert various biomass wastes into porous 

carbon materials, showing great potentials and bright prospects in the bio-waste 

recycling and synthesis of biomass derived carbon.
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Kill two birds with one stone: recycling wastes to synthesize ultra-long life 

supercapacitor electrode materials is developed by a general one-step solid-state 

pyrolysis method.




