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Abstract: The synthesis and application of biomass-derived carbon in energy storage have drawn 

increasing research attention due to the ease of fabrication, cost-effectiveness, and sustainability of 

the meso/microporous carbon produced from various biological precursors, including plants, 

fruits, microorganisms, and animals. Compared to the artificial nanostructured carbons, such as 

fullerene, carbon nanotube and graphene, the biomass-derived carbons may obtain superior 

capacitance, rate performance and stability in supercapacitor applications ascribing to their 

intrinsic nanoporous and hierarchical structures. However, challenges remain in processing 

techniques to obtain biomass-derived carbons with high carbon yield, high energy density, and 

controllable graphitic microstructures, which may require a clear understanding over the chemical 

and elemental compositions, and the intrinsic microstructural characteristics of the biological 

precursors. Herein we present comprehensive analyses over the impacts of the chemical and 

elemental compositions of the precursors on the carbon yield of the biomass, as well as the 

mechanism of chemical activation on the nanoporous structure development of the 

biomass-derived carbons. The structure–property relationship and functional performance of 

various biomass-derived carbons for supercapacitor applications are also discussed in detail and 

compared. Finally, useful insights are also provided for the improvements of biomass-derived 

carbons in supercapacitor applications. 

Keywords: biomass-derived carbon; biological precursor; compositions; activation; nanoporous; 

structure-property relationship; supercapacitor 

 

1. Introduction 

Biomass-derived carbons, which can be referred to as one kind of humanmade carbon material, 

differ significantly from the naturally occurring carbons such as charcoal, graphite, and diamond. As 

graphite and diamond are formed from the naturally deposited carbon in the crust under either 

metamorphic or igneous environment with high temperature and high pressure [1,2], 

biomass-derived carbons are formed by converting the natural products, including plants, food 

microorganisms, and animal waste [3] into porous carbon materials through artificial processes such 

as thermal carbonization and activation [4]. During the thermal carbonization process, the biomasses 

are heated under high temperature and inert gas protection, while the heteroatoms in the backbones 

of the biomacromolecules are escaped, leaving the carbon skeletons with a porous structure. Upon 

subsequent activation, the remaining carbon skeletons can form interconnected 3D structures with 

relatively high conductivity, surface area and porosity, making them excellent candidates for energy 

storage applications, especially supercapacitors. 
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Similar to carbon nanotubes (CNT) and graphene, the biomass-derived carbons store charges 

via the electrical double-layer mechanism, which originated from the electrostatic interactions 

between the electrode and electrolyte [5]. In theory, the charge of the electrode (q) is balanced by 

attracting the counterions in the electrolyte to the near-surface of the electrode, while the counterions 

align according to the charge distribution on the electrode surface and form a layer of charges. The 

charges on the surface layer of the electrode and the charged layer of counter ions thus form the 

electrical double layer, while a potential drop spans across the region between these two layers (also 

called the outer Helmholtz plane), as shown in Figure 1. The behavior of this electrical double layer 

in solution is analogous to an electrical capacitor separated by a dielectric. 

 

Figure 1. Schematic illustration of the (a) structure and (b) property of the electrical-double-layer in 

solution [6]. Reproduced from [6], with permission from Elsevier, 2010. 

The supercapacitors which utilize the electrical-double-layer mechanism for charge storage can 

be classified as electrical double-layer capacitors (EDLC), including the biomass-derived carbons. To 

satisfy the functional requirements of EDLC-type supercapacitors, the biomass-derived carbons 

should at least attain the following properties, including: (i) large specific capacitance (C), which 

corresponds to high power and energy density; (ii) low equivalent series resistance (ESR), which 

corresponds to less voltage drop, more available power and less power loss; (iii) large surface area 

and appropriate pore size distribution (PSD), which corresponds to higher electrical double layer 

capacitance and better rate performance; (iv) cyclability and long lifetime, which corresponds to 

high electrode stability under repeatedly charge–discharge cycles and changed temperatures. 

Extensive research efforts have been devoted to the preparation of biomass-derived carbons 

with heteroatom doping, high surface area, and high microporosity for their excellent performance 

in multiple applications, including water pollutant absorption [7,8], ionic liquid concentration [9], 

carbon dioxide capture [10–12], lithium-sulfur batteries [13], and supercapacitors [14–17]. Among 

the mentioned applications, the supercapacitor is considered one of the most suitable utilizations 



C 2018, 4, 53 3 of 32 

for the biomass-derived carbons, since their major features are in good accordance with the 

above-mentioned EDLC properties. Highly specific capacitance exceeding 400 F g−1 can be obtained 

from the porous carbon flakes and nanosheets derived from human hair [18], dry elm samara [19] 

and orange peels [20], which is higher than many other EDLC-type supercapacitors, even carbon 

nanodots [21], carbon nanofibers [22] and carbon nanotubes [23] (CNT); while highly conductive 

biomass-derived carbons (with conductivity ~1.12 × 103 S m−1) with low ESR can be obtained from 

the porous carbon nanosheets and nanofibrous carbon microspheres derived from chicken egg-shell 

membrane [24], gelatin [25], auricularia [26], and chitin [27]. Moreover, superior rate performance 

with over 68% capacitance retention at high current densities (~30–50 A g−1) has been achieved for 

the N,O-co-doped, N,S-co-doped and B,N-co-doped porous carbon nanosheets derived from poplar 

catkins [28], willow catkins [29], and gelatin [25]. And cycle lives exceeding 15,000 cycles with 

capacitance retention of 79.2% and 113% have been achieved for the activated carbons derived from 

chicken egg white [30] and gelatin [25], respectively; while a cycle life exceeding 50,000 cycles with 

98% capacitance retention has been achieved for the carbon nanosheets derived from dry elm 

samara [19]. 

In order to prepare biomass-derived carbons for supercapacitors with controlled PSD, 

heteroatom doping and high yield in a simple and cost-effective manner, tremendous effort has 

been devoted to improving the whole fabrication processes from precursor selection, carbonization 

and activation to electrochemical characterization. Firstly, different types of precursors were 

selected based on their cost, intrinsic microstructures and elemental compositions. For example, rice 

straw [31], wheat straw [32], pistachio [33], and poplar catkins [34] were selected as the precursors 

for biomass-derived carbons due to their low cost and natural abundance; while the chicken egg 

shell membranes [24], Auricularia [26], kombucha [35] and orange peel [20] were selected because 

of their unique hierarchical and porous microstructures; and the Bacillus subtilis [36], human hair 

[18] and chitin [27] were selected as a result of their relatively abundant elemental compositions of 

heteroatoms such as nitrogen, oxygen and sulfur. To further improve the functional properties of 

the precursors, i.e., electrical, nanostructural and electrochemical properties, many other functional 

materials, such as graphene oxide [37], boric acid [25], and melamine [32], were mixed with the 

biomass precursors before the carbonization/activation processes to either serve as the conducting 

microstructural components, hard templates for 2D long-range order or as the heteroatom source. 

Secondly, the pathway of carbonization and activation will be strongly dependent on the physical 

and chemical state of the precursor. For example, “black liquor” was synthesized from rice straw by 

using potassium hydroxide (KOH) aqueous solution to extract the lignin content within the straw 

via a hydrothermal process [31]. The black liquor was subsequently dried to obtain black solids and 

used for the one-step carbonization (400 °C) and activation (800 °C) under nitrogen atmosphere. 

When Bacillus subtilis was used as the biomass precursor, it was mixed with different activation 

reagents (e.g., ZnCl2 and KOH) and directly carbonized at 800 °C for 2 h in nitrogen atmosphere for 

tuning the elemental contents of nitrogen and oxygen, respectively [36]. And when human hair was 

used as the precursor, a fine cutting process to obtain small fibers (~5 mm long) and their 

subsequent precarbonization at 300 °C were required before the activation process [18]. Thirdly, 

besides characterizing the electrochemical performance of the biomass-derived carbons in aqueous 

electrolytes, i.e., 6 M KOH solution, organic (e.g., LiPF6 in ethylene carbonate/diethyl carbonate) 

and ionic liquid (e.g., 1-ethyl-3-methylimidazolium tetrafluoroborate) electrolytes were also widely 

employed to evaluate the electrochemical capacitive performance of the biomass-derived carbons 

[18,38,39]. 

Compared to the other advanced electrode materials for EDLC-type supercapacitors, such as 

CNT and graphene, the biomass-derived carbons may obtain several critical advantages, including: 

(a) Cost-effectiveness: the precursors of biomass-derived carbons are cheap and abundant, which 

are mostly from plant organs, food and animal wastes, and microorganisms. 

(b) In-situ nanoporous structure formation: the skeleton of the biomacromolecules is preserved as 

they are converted to carbon under inert gas protection, forming interconnected conductive 

carbon structures with nanopores generated in-situ. 
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(c) Versatility in products and processing: various kinds of bioprecursors can be converted into 

biomass-derived carbons through similar processing steps, including carbonization, activation, 

and purification. On the other hand, different chemicals, i.e., metallic compounds, can be 

introduced to the conversion process which further endow the biomass-derived carbons with 

exceptional electrochemical capacitive and catalytic properties. 

(d) Environmentally friendly: compared with the synthesis processes of CNT and graphene, the 

fabrication of biomass-derived carbons does not require high-pressure conditions and harsh 

chemicals, therefore it is more energy-saving and environmentally friendly. On the other hand, 

the utilization of biowastes as precursors to fabricate high-performance biomass-derived 

carbons also represents the state-of-the-art green pathway to obtain functional carbon materials. 

As the starting point to prepare the biomass-derived carbons, the selection of biomass 

precursors is critical to the final production of inherited biomass-derived carbons of a high carbon 

yield, high content of heteroatom doping, and interconnected 3D nanoporous structure, which are 

essential for the supercapacitor application. The chemical composition, elemental composition, and 

microstructural characteristic of the biomass precursor would have significant impacts on the carbon 

yield, doping level and microporosity of the derived carbon material. Providing with the diverse 

types of precursors that have been used for the preparation of biomass-derived carbon, it is urgent to 

formulate a general strategy for selecting the precursors with appropriate chemical, elemental 

compositions and nanoporous characteristics to achieve heteroatom-doped activated carbons with 

hierarchically interconnected meso/microporous structures designated for high-performance 

supercapacitor applications. 

2. Precursors 

Various biomaterials have been utilized to fabricate biomass-derived carbons, including poplar 

catkin, lignin, dry elm samara, bacterial cellulose, egg white, rice, orange peel, mushrooms, chitin, 

and human hair, etc. [14,18–20,28,30,40–43]. However, these biomaterials can all be categorized into 

four major types, i.e., the plant-based, food-based, microorganism-based, and animal-based 

biomass. By understanding the chemical and elemental compositions of different types of biomass, 

one can precisely predict the composition and structure of the corresponding biomass-derived 

carbons. 

Even though the major research attention in biomass-derived carbons has been drawn to the 

search of unique biomass precursors which simultaneously possess high carbon contents, 

hierarchical nanoporous structures and heteroatom compositions that are extremely beneficial for 

the formation of interconnected meso/microporous structure and N/O-containing surface functional 

groups during the carbonization/activation processes, by which would greatly enhance the 

corresponding EDLC-supercapacitor application. But low yields are often associated with the 

advanced precursors. For example, the biochar derived from chicken egg shell membrane did show 

excellent supercapacitive properties including high specific capacitance, high conductivity and long 

cycle life [24]. But the yield of egg shell membrane from the egg is extremely low (~0.2–0.25 g/per 

egg) [44], regardless of the weight loss during carbonization and activation, which make the whole 

fabrication process more tedious and less economic sound. The situation is the same for the biochar 

derived from willow catkins, which also shows excellent supercapacitive properties of high 

capacitance, long cycle life and high rate performance [29]. But the final carbon yield after 

activation is only 5.5 wt %, which is substantially lower than other biomass precursors such as 

lignin [40] (40.3 wt %), okara [45] (52.1 wt %) and rice straw [31] (24.8%). Moreover, the biochar 

yields of the precursors differ from their biological types, such as wheat stalk [46] (11.3 wt %), 

popcorn [41] (18.7 wt %) and Auricularia [26] (17 wt %). Since the biochar yield, microstructure and 

heteroatom doping level of the biomass-derived carbon are heavily dependent on the chemical 

structure and elemental composition of the precursors as well as their conformation and 

intermolecular configurations, therefore it is critical to investigate and understand the 

characteristics of the precursors at the molecular and elemental level, where significant insights 

over the molecular and elemental engineering of the precursors can be given for the generation of 
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biochar with optimized supercapacitive properties, which will be described detailly in the below 

sections. 

2.1. Plant-Based Biomass 

In general, the quantitative chemical compositions of the plant-based biomass differ from one 

species to another; even for different organs of the same plant, the chemical compositions change 

quantitatively. On the other hand, even originated from different species, the qualitative chemical 

compositions of plant-based biomass share mutual components, including lignin, cellulose, 

hemicellulose and extractives. The representative qualitative and quantitative chemical 

compositions of common plant-based biomass are shown in Table 1. 

Table 1. Chemical compositions of different plant-based biomass (in dry weight % basis). 

Biomass 
Moisture 

(%) 
Lignin (%) Cellulose (%) Hemicellulose (%) Extractives (%) References 

Coconut coir 13.68 46.48 21.46 12.36 8.77 [47] 

Coconut sheath 5.90 29.7 31.05 19.22 1.74 [47] 

Bagasse 5.64 22.56 39.45 26.97 4.33 [47] 

Banana leaf 11.69 24.84 25.65 17.04 9.84 [47] 

Sisal - 7.6–9.2 43–56 21–24 - [47] 

Corn stover - 18–22 37–42 20–28 - [48] 

Wheat straw - 16–24 31–44 22–24 - [49] 

Rice straw - 10–18 32–41 15–24 - [49] 

Barley straw - 8–17 33–40 20–35 - [49] 

Switchgrass - 12–23 33–46 22–32 - [49] 

Palm shell - 53.4 29.7 - - [50] 

Olive waste - 28.0 44.8 - - [51] 

Jute - 11.8 64.4 - - [52] 

Abaca - 5.1 63.2 - - [52] 

Flax - 2.5 56.5 - - [52] 

Hemp - 3.3 67.0 - - [52] 

Scots pine stem wood - 27.0 40.7 26.9 5.0 [53] 

Scots pine bark - 13.1 22.2 8.1 25.2 [53] 

Scots pine branches - 21.5 32.0 32.0 16.6 [53] 

Scots pine needles - 6.9 29.1 24.9 39.6 [53] 

Scots pine stump - 19.5 36.4 28.2 18.7 [54] 

Scots pine roots - 29.8 28.6 18.9 13.3 [54] 

Poplar leaves - 23.2 22.3 12.8 40.0 [55] 

Alder leaves - 12.4 15.0 13.3 44.7 [55] 

Willow leaves - 20.0 18.5 14.7 43.4 [55] 

Apricot pit shell - 31.91 34.31 - - [56] 

Sunflower seed hull 11.8 28.7 31.3 25.2 - [57] 

The relationships between the chemical compositions of different plants and different plant 

organs are clearly demonstrated in Table 1. It can be observed that the seed shells of Arecaceae 

(coconut, palm, etc.) contain high fractions of lignin and cellulose components (>65%), especially for 

the palm shell, the combined fraction of lignin and cellulose is around 83%. On the other hand, the 

bast plant fibers generally contain more fractions of cellulose, for example, the cellulose fractions of 

jute, flax, and hemp are 64.4%, 56.5%, and 67.0%, respectively; these values are substantially higher 

than the other plant parts such as wheat straw (31–44%), switchgrass (33–46%), Scots pine stem 

wood (40.7%), and poplar leaves (22.3). The chemical structures of lignin and cellulose are shown in 

Figure 2a,c. Besides lignin and cellulose, the plant organs also contain hemicellulose and extractives. 

The hemicellulose can be referred to a class of short-chain (500–3000 sugar units), highly branched 

polysaccharides consisting of five- and six-carbon sugars (Figure 2b), including xylose, arabinose, 

glucose, galactose, mannose and fucose [58]. The extractives can be referred to as the organic and 

inorganic compounds that reside in the lignocellulosic tissues, including triglycerides, steryl esters, 

fatty acids, phenolics, terpenoids, calcium, potassium, magnesium, etc. [59]. 

The elemental compositions of the precursors are also worthy of investigation, as the oxygen 

and nitrogen contents of the precursor can significantly influence the yield, microstructure, 
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conductivity, and capacitance of the corresponding biomass-derived carbon products. It has been 

realized that the precursors with higher oxygen contents may derive carbon with less yields, more 

defects and less crystallinity, as more volatile compounds are released during thermal process on the 

biomass surface with high oxygen content [60,61]. While precursors with higher nitrogen contents 

can derive intrinsically nitrogen-doped carbons with better electrochemical properties [62]. The 

elemental compositions of typical plant-based precursors are shown in Table 2. 

 

Figure 2. Chemical structures of (a) cellulose, (b) hemicellulose and (c) lignin with the monomeric 

units of lignin macromolecules labeled as H, G and S. Reproduced from [49], with the permission 

from Springer Nature, 2015. 

During the thermal carbonization process, the contents of plant-based biomass will be 

eventually converted to the biomass-derived carbon. Even though the carbon fractions of the 

plant-based biomass are relatively high (40–60%) according to their elemental compositions, the 

actual carbon yield of the conversion is highly dependent on their chemical compositions, especially 

the mass fractions of lignin, cellulose and hemicellulose. Lignin, which signifies the highest thermal 

stability among these components, is measured to be the major contributor to all chars and activated 

carbons [63]. On the other hand, for cellulose and hemicellulose, which are less thermally stable than 

lignin, can only contribute low to moderate carbon contents to the final chars. This is especially the 

case for cellulose, which underwent ~78% weight loss by heating at 400 °C for 1 h [60]. The 

respective contributions of lignin, cellulose and hemicellulose to the carbon yields of different 

biomass are shown in Table 3. It was also found that the value of biochemical oxygen demand (BOD) 

of the biochars increased with higher cellulose content of the precursors, which indicated the trend 

of non-aromatic carbon formation induced by the cellulose components [64]. However, evidences 

were also shown that all the lignin, cellulose and hemicellulose components contributed to the 

porosity of the final carbons, regardless of their weight fractions [63]. It was also found that no 

significant interaction between cellulose and hemicellulose existed during thermal pyrolysis at 500 

°C; while apparent interactions were found between the cellulose and lignin components of 

herbaceous biomass, resulting in a decreased yield of levoglucosan and increased low molecular 

weight compound and furan yields; and no apparent interaction was found between the cellulose 

and lignin components of woody biomass [65]. Therefore, it is rather clear that one should select 

plant-based biomass with (i) high lignin fraction, (ii) low cellulose fraction, (iii) low oxygen fraction 

and (iv) high nitrogen content in order to obtain plant-based biomass-derived carbons with high 

yield, higher degree of graphitization, controllable defects and good conductivity, which are desired 

for high-performance supercapacitive materials.  
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Table 2. Elemental compositions of different plant-based biomass (in dry weight % basis). 

Biomass C (%) H (%) O (%) N (%) S (%) 

Coconut coir [47] 46.22 5.44 40.47 0.36 - 

Coconut sheath [47] 42.23 5.69 45.57 0.44 - 

Bagasse [47] 48.6 6.3 45.1 - - 

Banana leaf [47] 44.01 6.10 38.84 1.36 - 

Hybrid poplar [66] 48.45 5.85 43.69 0.47 0.01 

Poplar, DN 34 [67] 50.02 6.28 42.17 0.19 0.02 

Hybrid poplar, DN 34 [68] 51.73 4.47 35.11 0.24 0.03 

Corn stover [69] 43.65 5.56 43.31 0.61 0.11 

Switchgrass [69] 47.75 5.75 42.37 0.74 0.08 

Wheat straw [69] 43.20 5.00 39.40 0.61 0.11 

Ponderosa pine [69] 49.25 5.99 44.36 0.06 0.03 

Yellow poplar [70] 64.5 5.89 29.2 0.26 - 

Kraft lignin [71] 57.83 3.42 33.66 0.47 4.62 

Rubber seed shell [72] 48.8 5.9 43.7 1.5 0.1 

Rubber seed kernel [72] 64.5 8.2 23.4 3.6 0.3 

Saline corn stem [73] 44.51 5.90 43.90 0.84 0.16 

Saline corn leaves [73] 41.27 5.86 43.86 1.30 0.24 

Table 3. The weight contributions of lignin, cellulose and hemicellulose to the carbon yields of 

different biomass [63]. 

Biomass 
Lignin 

(Lc %) 

Cellulose 

(Cc %) 

HemicelluLose 

(Hc %) 

Calculated 

Yield (%) 

Experimental 

Yield (%) 

Standard 

Deviation (%) 

Coconut shell 66.9 8.7 24.4 30.8 25.6 2.6 

Apple pulp 58.0 18.8 23.1 16.2 25.7 4.8 

Plum pulp 79.0 5.6 15.4 22.2 25.9 1.9 

Plum stones 70.8 14.1 15.1 31.1 24.6 3.3 

Olive stones 75.3 10.7 14.1 25.1 30.9 2.9 

Sulphuric acid treated 

olive stones 
64.8 19.0 16.2 29.1 27.4 0.9 

Soft wood 55.0 27.6 17.4 24.9 21.3 1.8 

Synthetic coconut shell 66.9 8.5 24.5 33.5 32.7 0.4 

2.2. Fruit-Based Biomass 

Similar to the plant-based biomass, the fruit-based biomass may differ in the quantitative 

chemical compositions with respect to the species, condition of growth, and different fruit parts. 

However, the qualitative chemical compositions of fruit-based biomass are also sharing several 

major components, including crude fibers, crude proteins, lipids, ash and carbohydrates [74,75]. The 

chemical compositions of typical fruit-based biomass are shown in Table S1. 

As shown in Table S1, the fruit-based biomass contains more moisture, crude protein and lipids 

as compared to the plant-based biomass. The typical crude protein contents in the pulp and peels of 

the fruit-based biomass in Table S1 are from 4.4% to 14.8% and from 2.8% to 18.06%, respectively; 

While the typical lipid contents in the pulp and peels are from 1.4% to 28.6% and from 0.7% to 9.96%, 

respectively. Thus, the overall crude protein plus lipid contents in the fruit pulp and peels are in the 

range from 5.8% to 43.4% and from 3.5% to 28.02%, respectively. However, the high fractions of 

crude proteins and lipids provide limited contribution to the yield of carbon during the thermal 

carbonization process, since both of them degrade at relatively low temperature (<300 °C), releasing 

volatile compounds such as carbon dioxide (CO2), water vapor (H2O), ammonia gases (NH3), olefins 

and methyl esters [76,77]. On the other hand, the high nitrogen and phosphorus contents of crude 

protein and lipids may assist the in-situ formation of heteroatom-doped carbons. Like the 

plant-based biomass, the crude fibers which are composed of lignin, cellulose and hemicellulose 

may provide major contribution to the carbon yields for the fruit-based biomass. However, the mass 
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fractions of crude fibers are in the range from 12.16% (pawpaw) to 43.9% (avocado) in the peels of 

the fruit-based biomass, and from 1.8% (Papaya) to 41.1% (Avocado) in the pulp, as shown in Table 

S1. These values are substantially lower than the values of plant-based biomass according to Table 1. 

Furthermore, the crude fibers of the fruit-based biomass are generally rich in cellulosic components 

rather than lignin [78], which make them rather insufficient in generating biomass-derived carbons 

with high yield and graphitic structures. 

2.3. Microorganism Based Biomass 

Besides plants and their fruits, biomass-derived carbons can also be produced from 

microorganisms, such as Fungi and bacterial cellulose. Fungi, including mushrooms (Figure 3a,c) 

and yeasts (Figure 3b,d), are considered good regenerative biomass precursors for generating 

biomass-derived carbons, ascribing to their abundance in nature and fast growth rate. 

 

Figure 3. Photographs of (a,b) the bulk and (c,d) cellular structures of (a,c) mushrooms and (b,d) 

yeasts, respectively [the species shown in the images are (a) Auricularia thailandica, (b,d) 

Saccharomyces cerevisiae and (c) Psilocybe cubensis. The arrow in C indicated the germ spores. (a) 

Reproduced from [79], with permission from Springer Nature; 2017. And (b) from [80], (c) from [81], 

(d) from [82], with permission from Elsevier 2003, 2003 and 2015. 

The chemical compositions of typical microorganisms are shown in Table 4, refs. [83–92] which 

lists the major components of microorganism-based biomass, including carbohydrates, crude 

proteins, crude fibers, crude fat, and ash. Even though the nomenclatures of the major components 

of the microorganism-based biomass are similar to the plant- and fruit-based biomasses, the actual 

molecules and elements comprising these components are substantially different. For example, the 

carbohydrates of the microorganism-based biomass are consisting of chitins, which are 

bio-crosslinked with glucan and can serve as a primary source of carbon during thermal 

carbonization [93]; while the main carbohydrates in the plant/fruit-based biomasses are sucrose and 

starch, which are non-crosslinked with low thermal stability [94]. On the other hand, the crude 

fibers of the microorganism-based biomass are majorly composed of cellulose, which shows similar 

carbonization behaviors to the plant/fruit-based biomasses, and can also provide important 

contribution to the yield of carbon. Other components, such as crude protein, crude fat and ash, 

may decompose rapidly during the thermal carbonization process, generating volatile and low 

molecular weight compounds which provide neglectable contribution to the carbon yield.  
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Table 4. Chemical compositions of typical microorganisms, including mushrooms and fungi (the 

values are presented in dry weight % basis). 

Microorganisms Carbohydrates Crude Fiber Crude Protein Crude Fat Ash References 

Agaricus bisporus 42.56 13.21 33.85 2.41 7.97 [83] 

Auricularia thailandica 17.36 4.62 12.99 2.93 4.30 [79] 

Aspergillus nidulans 60.5 - 10.0–10.4 9.5 - [84] 

B. aereus 34.0 17.0 26.9 2.1 8.5 [85] 

B. edulis 30.6 15.3 28.7 4.1 9.2 [86] 

B. speciosus 28.6 21.0 28.1 2.9 7.6 [86] 

C. aureus 61.5 5.2 14.1 4.0 9.2 [87] 

Lactarius deliciosus 25.0 36.3 20.2 2.5 7.5 [88] 

Lactarius hatsudake 38.2 31.8 15.3 1.0 7.3 [88] 

Lactarius volemus 15.0 40.0 17.6 6.7 13.3 [88] 

L. crocipodium 12.8 37.9 29.3 1.0 5.8 [86] 

Lentinula edodes 30.2 39.4 17.1 1.9 4.3 [89] 

Pleurotus ostreatus 57.05 8.25 26.05 2.79 5.86 [83] 

R. virescens 13.4 32.8 28.3 1.5 11.9 [88] 

S. aspratus 64.6 5.1 12.0 2.8 10.4 [90] 

T. matsutake 36.7 29.1 14.3 5.0 8.9 [91] 

Tricholoma portentosum 34.6 30.1 19.6 5.8 9.9 [92] 

Tricholoma terreum 31.1 30.1 20.1 6.6 12.1 [92] 

Mushrooms are the major precursors to produce biomass-derived carbons in the category of 

microorganism-based biomass. To speak more specifically, the fruiting body of mushrooms are 

frequently used for the fabrication of biomass-derived carbon, rather than the other parts such as 

mycelium. A schematic illustration of the functional components of the mushrooms is shown in 

Figure 4 [95] Compared to the plant- and fruit-based biomass, the mushrooms are attractive as the 

carbon precursors due to their high nitrogen content. The nitrogen contents of mushroom are 

within the range between 3–10% (in dry weight % basis), some species can even reach 17% [96–98]. 

Therefore they are promising precursors to produce intrinsically nitrogen-doped biomass-derived 

carbons. However, the elemental compositions of mushroom are heavily dependent on their 

growth substrates and growing conditions [96,97], which means the elemental compositions of the 

mushrooms may change from one specific growth region to another. 

 

Figure 4. Schematic illustration of the individual functional components of the mushrooms. 

Reproduced from [95], with permission from Elsevier, 2009. 

2.4. Animal-Based Precursors 

Due to its natural abundance, high nitrogen content and chemical stability, chitin is another 

promising bio-based precursor for the production of biomass-derived carbon. Different from 

cellulose, chitin is capable of forming (i) intensive intermolecular hydrogen bonds, (ii) crosslinking 

networks of chitin-glucan and chitin-catecholamine complexes [99,100], which endow chitin with 

substantially higher thermal stability than cellulose and higher carbon yields. Many types of animal, 

including crustaceans, insects and mollusks can be used as the primary sources for chitin extraction, 

which further provide economic, green and recyclable ways for the production of biomass-derived 
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carbon [101]. The representative types of animal for chitin sourcing and their corresponding chitin 

contents are shown in Table 5. 

Table 5. Typical types of animal for chitin sourcing and their chitin contents. 

Crustaceans 
Chitin 

(%) 
References Insects 

Chitin 

(%) 
References Mollusks 

Chitin 

(%) 

References 

Cancer (crab) 72.1 [101] 
Periplaneta 

(cockroach) 
2.0 [101] Clam 6.1 [101] 

Carcinus 

(crab) 
64.2 [101] 

Blatella 

(cockroach) 
18.4 [101] Shell oysters 3.6 [101] 

Paralithodes 

(king crab) 
35.0 [101] 

Coleoptera 

(ladybird) 
27–35 [101] Squid pen 41.0 [101] 

Callinectes 

(blue crab) 
14.0 [101] Diptera pupae 54.8 [101] 

Krill, 

deproteinized 

shells 

40.2 [101] 

Crangon and 

Pandalus 

(shrimp) 

17–40 [101] 
Pieris pupae 

(butterfly) 
64.0 [101] - 

- - 

Alaska 

shrimp 
28.0 [101] 

Bombyx (silk 

worm) 
44.2 [101] - - - 

Pandalus 

borealis 

(shrimp) 

17–20 [102] 
Galleria (wax 

worm) 
33.7 [101] - 

- - 

Nephro 

(lobster) 
69.8 [101] 

Holotrichia 

parallela 

(beetle) 

15 [103] - 
- - 

Homarus 

(lobster) 
60–75 [101] 

Brachytrupes 

portentosus 

(house cricket) 

4.3–7.1 [104] - 
- - 

Lepas (goose 

barnacle) 
58.3 [101] Cicada sloughs 36.6 [105] - - - 

Portunus 

pelagicus 

(crab) 

20.24 [106] 
Celes variabilis 

(grasshopper) 
9.93 [107] - 

- - 

According to Table 5, the cuticles of many crustaceans, i.e., Cancer, Carcinus, Crangon, 

Pandalus, contain relatively high contents of chitin ranged from 17% to 72%; and the cuticles and 

sloughs of several insects, including Blatella, Coleoptera, Holotrichia parallela, the pupae of Diptera 

and butterflies, and the sloughs/pupa exuvia of cicada and silk worm, also contain remarkable chitin 

contents ranged from 18.4% to 64.0%. However, before the chitin contained in these biomasses can 

be used, mechanical and chemical processes are required to extract chitin from the biomasses, which 

may involve the mechanical grinding, chemical demineralization and deproteinization [108]. During 

the extraction process, impurities such as ashes, proteins and dyes are removed from the biomass, 

leaving the purified chitin components. The yields of the extraction process are varied according to 

different biomass precursors and mechanical/chemical processing methods, which settle within the 

range from 4% to 40% in the reported literatures [107,109]. Similar to the microorganism-based 

biomass, chitin extracted from the animal-based biomass also shows relatively high nitrogen 

contents (~6%) [110], which further indicates its promising applications in the in-situ generation of 

the nitrogen-doped biomass-derived carbon. The elemental compositions of chitin obtained from 

different animal-based biomasses are shown in Table 6. 

Besides the cuticles and sloughs of animals, the hairs, horns, claws and hooves of animals are 

also good precursors for producing the biomass-derived carbons. Different from the cuticles and 

sloughs, the hairs, horns, claws and hooves of the animals are majorly consisting of fibrous 

structural proteins, called “keratin” [111,112]. There exists two types of keratin, α-keratin and 

β-keratin, by which the primary structures are consisting of amino acids, as shown in Table S2. 

Similar to chitin, keratin also attains significant chemical and thermal stability as a result of its 

intensive intermolecular bonding. Three types of intermolecular bonding are existed within the 
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supercoil motifs of keratin, including (i) non-covalent hydrogen bonds, (ii) ionic salt bonds, and (iii) 

covalent disulfide cystine crosslinking, as shown in Figure 5. Due to the strong covalent and 

non-covalent bonding within its molecular structure, keratin shows sufficient stability during the 

thermal carbonization process, generating high-quality biomass-derived carbons in high yield. One 

notable example is the human hair-derived heteroatom-doped carbon flakes, which showed high 

specific surface area, high capacitance and long-term cycling stability as the electrode material for 

supercapacitos [18]. 

Table 6. Elemental compositions of chitin obtained from different animal-based biomasses (in dry 

weight % basis). 

Biomass Chitin C (%) Chitin H (%) Chitin N (%) C/N References 

Pariplaneta americana linnaeus 47.3 7.32 7.20 6.57 [109] 

Apis mellifera linneaus 52.65 8.42 5.55 9.49 [109] 

Holotrichia parallela 44.36 5.92 6.45 6.88 [106] 

Brachytrupes portentosus 41.30 - 6.022 6.858 [104] 

Commercial shrimp 43.61 - 4.794 9.10 [104] 

Portunus pelagicus 77.67 12.71 9.62 8.07 [103] 

 

Figure 5. Schematic illustrations of the (a) intermolecular bonding and (b) intermediate filament 

structure of α-keratin. Reproduced (a) from [113], with permission from Royal Society of Chemistry, 

2017. And (b) from [114], with permission from Elsevier, 2016. 

2.5. Principles for the Precursor Selection of Biomass-Derived Carbon 

In the previous sections, the chemical and elemental compositions of the plant-, fruit-, 

microorganism- and animal-based biomasses have been comprehensively analyzed. The 

relationships between the chemical and elemental compositions of the biomass and their 

contribution to the as-obtained biochars have also been discussed in detail. To fabricate 

biomass-derived carbons with high quality (high conductivity, high porosity, etc.) and high yield for 

supercapacitor applications, the following criteria should be considered: 

(i) The precursor biomass should contain high contents of highly crosslinked, high molecular 

weight, and thermally stable biomacromolecules, such as lignin, chitin and keratin, for higher 

rate of aromatic carbon formation and higher yield of carbon during the thermal carbonization 

process. 

(ii) The precursor biomass should contain low contents of non-crosslinked, low molecular weight, 

and aliphatic compounds, which provide insignificant contribution to the yield of carbon and 

impede the formation of aromatic carbon by generating volatile compounds that prevent fusion 

and flow. 
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(iii) The precursor biomass should contain low elemental contents of oxygen for the oxygen would 

impede the aromatic carbon formation and increase the biochemical oxygen demand (BOD); 

while it should contain high elemental contents of nitrogen for the in-situ generation of 

nitrogen-doped carbon with higher conductivity. 

3. Structures and Properties 

The biomass-derived carbons prepared by using the thermal carbonization and chemical 

activation may exhibit the morphology of porous nanosheets, as shown in Figure 6. This 

phenomenon can be attributed to the permeation of the activation reagents, i.e., potassium 

hydroxide (KOH) and zinc chloride (ZnCl2), into the carbonized biomass skeletons and their 

intensive interactions with the carbon basal planes [115]. For example, the using of KOH as the 

activation reagent may involve the following mechanisms, including: (i) Chemical activation, 

etching of the carbon skeletons by the redox reactions between carbon (C) and KOH, which 

generates intensive microporosity within the carbon structure; (ii) Physical activation, emerging of 

the gasified products, i.e., water (H2O) and carbon dioxide (CO2) vapors, from the redox reactions 

between carbon and potassium ions, which further promotes the porous structure formation; (iii) the 

intercalation of metallic K into the graphitic structures of the carbon skeleton, which expanses the 

lattice spacing of the graphitic carbon and subsequently generates the exfoliated nanosheet-like 

carbon nanostructures [116]. After the activation process, the specific surface area (SSA) of the 

biomass-derived carbons increases drastically, as a result of the development of microporosity and 

the formation of nanosheets, and tens- or hundreds-fold increments in SSA can be achieved after 

KOH activation [20,36,117]. A schematic illustration of the effects of KOH activation on the porosity 

of carbon structure is shown in Figure 7. 

 

Figure 6. SEM and TEM images biomass-derived carbons produced from various precursors, 

including (a,b) highly graphitic carbon nanosheets from wheat stalk. Reproduced from [46], with 

permission from Royal Society of Chemistry, 2016; (c,d) N,S-doped porous carbon nanosheets from 
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willow catkin. Reproduced from [29], with permission from Elsevier, 2016; (e,f) B/N co-doped carbon 

nanosheets from gelatin. Reproduced from [25], with permission from John Wiley and Sons, 2015; 

(g,h) heteroatom-doped carbon from microorganism (Bacillus subtilis). Reproduced from [36], with 

permission from John Wiley and Sons, 2012; (i,j) porous graphene-like carbon from fungus 

(Auricularis). Reproduced from [26], with permission from Elsevier, 2015; (k,l) carbonized eggshell 

membrane from chicken eggshell. Reproduced from [24], with permission from John Wiley and Sons, 

2012; (m,n) hair-derived micro/mesoporous carbon from human hair. Reproduced from [18], with 

permission from Royal Society of Chemistry, 2014; (o,p) puffed rice derived carbon from rice. 

Reproduced from [41], with permission from John Wiley and Sons, 2017. Insets show the 

corresponding magnified SEM image and SAED pattern, respectively. 

 

Figure 7. (a–e) Schematic illustration of the effects of KOH activation on the porosity development. 

Reproduced from [115], with permission from Royal Society of Chemistry, 2012. 

The major parameters that determine the effect of chemical activation are the mass ratio 

between the activation reagent and carbon feedstock, as well as the temperature (T) and time (t) of 

the activation process. During the activation process, the carbon feedstock is mixed with the 

activation reagent at the mass ratio between 1:1 and 1:6. And then the mixture is thermally treated at 

a relatively high temperature (between 300 and 900 °C) for a duration between 0.5 and 2 h, where a 

slow heating rate and inert gas protection are simultaneously applied. It has been observed that at 

low KOH/C mass ratios (~1), the activation would induce the shrinkage of the mesopores (~5 nm) of 

the carbon feedstock [115]. Precisely, the newly generated micropores (~1.5 nm) by KOH etching 

will grow and coalesce to form the interconnected mesoporous structures, resulting in the 

shrinkage of the carbon framework. On the other hand, at high KOH/C mass ratios (~6), the 

activation will generate intensive micropores in the carbon framework, as the interlattice spacing is 

saturated with metallic K, expansions in the carbon framework are expected and observed. Because 

of the framework expansion, the coalescence of the micropores is significantly impeded at high 

KOH/C ratios, resulting in isolated micropores rather than interconnected meso/microporous 

structure. These speculations are further evidenced by the structural data of the activated carbon 

shown in Table 7. According to Table 7, the unit cell size of the activated carbon obtained from low 

KOH/C ratios (KF1-90) showed 3.9% shrinkage as compared to the carbon feedstock (FDU-15), 

which indicated the shrinkage of carbon framework. Moreover, the SSA and pore volume (PV) of 

KF1-90 are 1410 cm2 g−1 and 0.73 cm3 g−1, which are the highest among all the activated samples and 

evidence the formation of interconnecting meso/microporous structures within the carbon 

framework. On the contrary, the activated carbon obtained from high KOH/C ratios (KF6-90) 

showed 3.9% expansions in the unit cell size compared with FDU-15, and it also showed a high 

microporosity (~80%) and high micropore volume (~0.40 cm3 g−1). But relatively low SSA (~1200 m2 
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g−1) and PV (~0.56 cm3 g−1) were associated with KF6-90, indicating the formation of isolated 

microporous structure which is not accessible by nitrogen during the BET surface area test [115]. 

Table 7. Structural data (e.g., unit cell size, surface area and pore volume) of the activated carbon 

prepared from low to high KOH/C ratio. FDU-15 represents the pristine ordered mesoporous 

carbon, while KFx-y represents the KOH activated FDU-15, x represents the KOH/C ratio and y 

represents the activation time. Reproduced from [115], with permission from Royal Society of 

Chemistry, 2012. 

Activated 

Carbon 

Unit Cell 

Size (nm) 

BET Surface 

Area (cm2 g−1) 

Pore Volume 

(cm3 g−1) 

Micropore Surface 

Area (cm2 g−1) 

Microporosity 

(%) 

Micropore Volume 

(cm3 g−1) 

FDU-15 10.2 660 0.44 180 27 0.07 

KF1-45 10.7 930 0.49 590 63 0.24 

KF1-60 10.2 1030 0.52 660 64 0.27 

KF1-90 9.8 1410 0.73 890 63 0.38 

KF4-45 10.5 1150 0.56 830 72 0.34 

KF4-60 10.3 1310 0.62 1030 79 0.43 

KF4-90 10.3 1240 0.59 970 78 0.40 

KF6-45 10.7 1280 0.59 990 77 0.41 

KF6-60 10.6 1400 0.69 1020 73 0.42 

KF6-90 10.6 1200 0.56 960 80 0.40 

The biomass-derived carbons obtained from low KOH/C ratios (~1–3) did show excellent 

supercapacitive properties including high SSA, high rate performance and high specific capacitance, 

such as the biochar derived from Auricularia, dry elm samara, kombucha and popcorn [12,19,26,35]. 

It has been shown that even a higher SSA can be obtained at high KOH/C ratio, the actual 

supercapacitor performance was compromised because of the increased pore volume significantly 

lowered the volumetric capacitance of the electrode material, as shown in Figure 8 [26]. The 

activation temperature is also critical for the fabrication of biomass-derived carbon with appropriate 

supercapacitive properties. For example, egg white was carbonized and activated at different 

temperatures of 700, 800, 900, 1000 °C, as the activated carbon obtained at 900 °C showed the highest 

SSA and pore volume with appropriate pore size distribution, as shown in Figure 9 [30]. An 

interconnected meso/microporous structure can also be observed from the pore size distribution of 

the egg white activated at 900 °C, as shown in Figure 9b. The peak with the highest intensity for the 

micropores (~0.8–1.4 nm) can be observed for the eAC-900, and the evolution of the mesopores 

between 2–10 nm was also clearly observed, indicating the formation of interconnected 

meso/microporous structure. The temperature-dependent pore structural formation was also 

observed for other biomass precursors, such as aloe vera, sugarcane bagasse, human hair, and 

poplar catkin [15,16,18,28], which demonstrated that the utilization of an optimized activation 

temperature was the key to obtain biochar with optimum pore structure for supercapacitor 

applications. Besides activating the biochar by using KOH, other activation reagents, such as ZnCl2 

and CaCl2, were also used for the activation process [13,36]. However, it was not a surprise to 

discover that by keeping the other activation parameters constant, the pore structures of the 

activated carbon obtained from ZnCl2 and KOH showed substantial differences in SSA and the ratio 

between micropores and mesopores (Rmicro/meso) [36]. Significantly higher SSA (~1578 m2 g−1) and 

Rmicro/meso = 2.56 were obtained for the biochar activated by KOH (SSA = 985 m2 g−1 and Rmicro/meso = 1.09 

for the case of ZnCl2), which showed obviously better supercapacitor performance. On the other 

hand, the KOH activation can also combine with physical activation (e.g., CO2 activation) and the 

co-addition of heteroatom source such as melamine and thiourea, which can simultaneously 

generate the biochar with controlled surface functional groups and heteroatom doping that 

remarkably enhance the material supercapacitive performance [13,29,31,33]. Furthermore, novel 

synthesis methods such as chemical blowing can be combined with the KOH activation to give 

ultramicroporous carbon nitride frameworks with excellent supercapacitive properties [118]. While 

engineering over the meso/microporous structures of the carbon materials can also be achieved 

through the usage of mesoporous hard template (FDU-12) and the precursors with preorganized 

molecular structures, respectively [119,120]. 
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Figure 8. SEM images showing the microstructures of the precursors and the corresponding 

biomass-derived carbons, including (a) the hymenium of auricularia. Reproduced from [121], with 

permission from Elsevier, 2007; and (b) the porous layer-stacking carbon. Reproduced from [26], 

with permission from Elsevier, 2015; (c) human hair and (d) the micro/mesoporous carbon. 

Reproduced from [18], with permission from Royal Society of Chemistry, 2014; the carbonized 

orange peel before (e) and after (f) KOH activation. Reproduced from [122], with permission from 

John Wiley and Sons, 2017. The magnified SEM images in c and f showed the enlarged view of the 

hair-surface feature and the porous structure of the activated orange peel, respectively. 

For supercapacitor applications, the activated carbon with high SSA and PV, and 

interconnected meso/microporous structures are undoubtedly preferred. Since the carbon materials 

store charges mainly through the electrical double-layer mechanism, high SSA and PV can 

significantly increase the electrode–electrolyte interfaces to promote the electrical double-layer 

formation, and remarkably enhance the specific capacitance and rate performance of the carbon 

materials. This is especially the case for the activated carbon with interconnected meso/microporous 

structure, as the diffusion of electrolyte into the micropores can be effectively promoted through the 

interconnected mesopore pathways. Thus, the activation process may have significant impact on 

the performance of the biomass-derived carbons used in supercapacitors. To prepare 

biomass-derived carbon with superior supercapacitive performance, the following criteria should 

be considered: (i) the precursors with intrinsic porous structures, especially interconnected 

meso/microporous structures are preferred; (ii) the intrinsic microporous structures are preserved 

as the precursors are converted to carbon during the carbonization and activation process; (iii) low 

KOH/C mass ratio (~1–3) and longer activation time are suggested for the activation process in the 

appropriate temperature range (700–900 °C). To further compare the performance of different 

biomass-derived carbons in supercapacitor applications and their structure–property relationship, a 

detailed comparative study is presented in Table 8 [122–128]. 

According to Table 8, it can be clearly observed that the biomass-derived carbons that are 

activated show higher specific capacitance, higher SSA and PV, and better rate performance. This 
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phenomenon can be attributed to the well-developed microporosity within the porous carbon 

framework created from the KOH etching. Compared with KOH, ZnCl2 is not as efficient in 

permeating the carbon lattice and generating micropores due to the relatively large radius of Zn2+ 

ions. And the metallic Zn produced from the reaction between Zn2+ and C is tended to induced the 

formation of amorphous carbon structures [129], which lower the material conductivity and 

deteriorate the material performance in supercapacitors. On the other hand, among the KOH 

activated biomass-derived carbons, the carbon structures obtained from low KOH/C mass ratio 

(between 1:1 and 3:1) show higher specific capacitance, cycling stability and rate performance (i.e., 

auricularia, human hair, orange peel), indicating high accessibility of the electrolyte to the 

microporous structures, and the rapid formation of the electrical double layer inside the pores, 

which can be attributed to the generation of interconnected meso/microporous structure within the 

carbon framework by the mild KOH etching. It is also worthy of noticing that there exists an 

optimum activation temperature for producing biomass-derived carbons at constant KOH/C ratios 

and activation time. The structural parameters, such as SSA and PV, cannot be optimized if the 

activation temperature is either too high or too low. However, the operational temperature range for 

the KOH activation process is reported to be between 700 and 900 °C. It is also worthy of mention 

that the structures of the biomass-derived carbons are closely related to the microstructures of the 

precursor. For example, the porous layer stacking carbon derived from auricularia shows similar 

structural characteristics to the hymenium of auricularia, which resembles a hierarchical structure 

composed of relatively ordered stacking layers, as shown in Figure 8a,b. And the 

micro/mesoporous carbon derived from human hair also shows similar sheet-like structures to the 

hair cuticles (Figure 8c,d). The orange peel derived carbon also exhibits similar 3D nanoporous 

structures to the orange peel, which further develop substantial interconnected meso/microporous 

structures upon activation (Figure 8e,f). The interconnected meso/microporous structures may also 

provide better supercapacitor performance in terms of higher power density and energy density 

theoretically [130]. By assuming the mesopores of the biomass-derived carbon are cylindrical, the 

capacitance of the electrical double-cylinder capacitors (EDCC) formed inside the mesopores can be 

given by [131]: 

𝐶/𝐴 =  
𝜀𝑟𝜀0

𝑏𝑙𝑛(
𝑏

𝑏−𝑑
)
  (1) 

where C is the capacitance, A is the surface area of the cylinder, εr is the dielectric constants of the 

electrolyte and ε0 is the permittivity of the vacuum. b is the radius of the outer cylinder, a is the 

radius of the inner cylinder, and d is the separation distance of the outer and inner cylinders, as 

shown in Figure 9a. 

 

Figure 9. Schematic illustration of a negatively charged mesopore (a) and micropore (b). The 

solvated cations migrate towards the wall of the cylindrical mesopore to form the electric 
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double-cylinder capacitor with an outer radius of b and an inner radius of a. In the case of 

micropore, the solvated cation with a radius of a0 occupies the pore volume and form the electric 

wire-in-cylinder capacitor. Reproduced from [132], with permission from John Wiley and Sons, 

2008. 

In this case, to achieve a larger value of C, the distance of the double cylinder d should be as 

small as possible, which means the size of the mesopore should be carefully engineered to fit the 

diffusion coefficients of the counterions. In the case of micropores, the counterions will form an 

electric wire-in-cylinder capacitor (EWCC) instead of EDCC due to the extremely small pore size, as 

shown in Figure 9b. And the capacitance of the EWCC can be given by [132]: 

𝐶/𝐴 =  
𝜀𝑟𝜀0

𝑏0𝑙𝑛(
𝑏0

𝑎0
)
 

(2) 

where b0 is the radius of the cylinder and a0 is the effective size of the counterions. Therefore, the 

ratio between b0 and a0 should be carefully adjusted to enhance the EWCC capacitance of the 

micropore. In other words, the radius of the micropore should be closely adapted to the effective 

size of the electrolyte ions to obtain optimized capacitance performance [133]. 
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Table 8. The supercapacitor performance and the related structural parameters of biomass-derived carbon produced from different plant-, fruit-, microorganism- 

and animal-based precursors (the rate performance of the materials are referred to the percentage remain of the specific capacitance shown in the sixth column at 

the elevated current density). 

Precursor 

Biomass-Derive

d Carbon 

Produced  

Activation 

Method 

Specific Surface 

Area (m2 g−1) 

Pore Volume 

(cm3 g−1) 

Specific 

Capacitance 

Current 

Density 

Cycling 

Stability 
Microstructure 

Rate Performance & 

Conductivity 

Wheat flour 

[123] 

Hierarchically 

porous 

nitrogen-doped 

carbon (HPC) 

KOH/C = 1:1, 

800 °C, 2 h 
1294 N/A 383 F g−1 1 A g−1 

91.6% after 

5000 cycles 

 

~65% at 10 A g−1  

Figure caption: (a,b) 

SEM images of HPC. 

Poplar catkin 

[28] 

Nitrogen and 

oxygen dual 

doped carbon 

(NODC) 

ZnCl2/C = 3:1, 

800 °C, 2 h  
1462.5 1.31 251 F g-1 0.5 A g−1 

~100% after 

1000 cycles 

 

~68% at 30 A g−1 

(A) SEM and (B) 

TEM images of 

NODC-800. 

Chicken egg 

white [30] 

Egg 

white-derived 

activated carbon 

(eAC) 

KOH/C = 3:1, 

900 °C, 3 h  
3250 1.97 56 F g−1 12.8 A g−1 

79.2% after 

15,000 cycles 

 

N/A 

(A) SEM and (B) 

TEM images of 

eAC-900. Scale bar: 

(A) 30 µm, (B) 20 nm. 
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Chicken 

eggshell 

membrane 

[24] 

Carbonized 

eggshell 

membrane 

(CESM) 

Activated in 

air at 300 °C, 

2 h 

221.2 0.13 297 F g−1 0.2 A g−1 
97% after 

10,000 cycles 

 

66% at 20 A g−1, 8.9 × 

10−4 Ω m 

(A,B) SEM images of 

activated CESM. 

Bamboo char 

[124] 

Porous graphitic 

biomass carbon 

(PGBC) 

K2FeO4/C≈2:1, 

800 °C, 2 h 
1732 0.97 222.0 F g−1 0.5 A g−1 

84% after 

5000 cycles 

(solid-state) 

 

51.8% at 20 A g−1, 4.7 

S cm−1 

(a,b) SEM images of 

PGBC-1. Scale bar: (a) 

50 µm, (b) 4 µm. 

Bacillus 

subtilis [36] 

Heteroatom-dop

ed carbon (HDC) 

KOH/C = 4:1, 

800 °C, 2 h 
1578 1.092 310 F g−1 0.2 A g−1 

96% after 

1200 cycles 

 

64.5% at 10 A g−1 

(A,B) SEM images of 

HDC activated by 

ZnCl2. 
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Willow catkin 

[29] 

N,S-co-doped 

porous carbon 

nanosheet 

(N,S-PCN) 

KOH/willow 

catkin = 1:1, 

400 °C for 3 h, 

and then 850 

°C for 1 h, 

and then 300 

°C in air for 1 

h  

1533 0.92 298 F g−1 0.5 A g−1 
98% after 

10,000 cycles 

 

78.2% at 50 A g−1 

(A) SEM and (B) 

TEM images of 

N,S-PCN. 

Auricularia 

[26] 

Porous 

graphene-like 

carbon (PGC) 

One-pot 

hydrothermal 

carbonization 

and 

activation, 

KOH/fungus 

≈ 0.14:1 

1103 0.54 374 F g−1 0.5 A g−1 
99% after 

10,000 cycles 

 

78% at 5 A g−1  

(A) SEM and (B) 

TEM images of PGC. 

Gelatin [25] 

B/N co-doped 

carbon 

nanosheets 

(B/N-CS) 

Not activated 416 0.76 358 F g−1 0.1 A g−1 
113% after 

15,000 cycles 

 

74.6% at 30 A g−1,  

9.8 S m−1 

(A) SEM image of 

B/N-CS on AAO and 

(B) Cross-section 

TEM image of 

B/N-CS. 
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Dry elm 

samara [19] 

Porous carbon 

nanosheets 

(PCNS) 

One-pot 

carbonization 

and 

activation, 

KOH/dry elm 

samara ≈ 

3.4:1, 700 °C, 

2 h 

1947 1.33 470 F g−1 1 A g−1 
98% after 

50,000 cycles 

 

63.8% at 10 A g−1 

(A) SEM and (B) 

TEM images of 

PCNS-6. 

Chitin [27] 

Nitrogen-doped 

nanofibrous 

carbon 

microspheres 

(NCM) 

Not activated 1141 - 219 F g−1 5 mV s−1 
96% after 

10,000 cycles 

 

50% at 10,000 mV s−1 

(A,B) SEM images of 

NCM-900 

Human hair 

[18] 

Heteroatom-dop

ed porous carbon 

flakes (HMC) 

KOH/C = 2:1, 

800 °C, 2 h  
1306 0.90 445 F g−1 0.5 A g−1 

98% after 

20,000 cycles 

 

51% at 10 A g−1,  

47.3 S m−1 

(A) SEM and (B) 

TEM images of 

HMC-800 
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Oil tea shell 

[125] 

Activated carbon 

(AC) 

One-pot 

carbonization 

and 

activation, 

ZnCl2/oil tea 

shell = 3:1 

2851 2.68 146 F g−1 0.5 A g−1 
86% after 

3000 cycles 

 

86.6% at 4 A g−1 

(A) SEM and TEM 

images of AC. Scale 

bar: (A) 3 µm, (B) 100 

nm. 

Fig-fruit: 

inner part 

[126] 

Highly porous 

foam-like carbon 

One-pot 

carbonization 

and 

activation, 

KOH/fig-fruit 

= 3:1, 900 °C, 

2 h 

2337 1.005 340 F g−1 0.5 A g−1 
>100% after 

10,000 cycles 

 

50% at 50 A g−1  

(A,B) SEM images of 

the fig-fruit inner 

part after activation 

Banana peel 

[127] 

Nitrogen-doped 

porous carbon 

foam (N-BPPCF) 

Not activated 1357.6 0.77 210.6 F g−1 0.5 A g−1 
~100% after 

5000 cycles 

 

79.7% at 50 mV s−1 

(A) SEM and (B) 

TEM images of 

N-BPPCF. 
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Orange peel 

[122] 

3D nanoporous 

carbon 

KOH/C = 3:1, 

600 °C, 1 h 
2160 0.779 460 F g−1 1 A g−1 

98% after 

10,000 cycles 

 

59% at 100 A g−1 

(A,B) SEM images of 

the orange-peel 

derived activated 

carbon. 

Orange peel 

[20] 

Interconnected 

hollow-structure

d carbon (OPAC) 

KOH/C = 1:1, 

800 °C, 2 h  
1391 0.72 407 F g-1 0.5 A g−1 

100% after 

5000 cycles 

 

~37% at 20 A g−1 

SEM images of 

OPAC-1 (A) and 

OPAC-2 (B). Nos. 1 

and 2 represent the 

KOH/C ratios. 

Shiitake 

mushroom 

[42] 

Hierarchically 

porous activated 

carbon (KPAC) 

KOH/C = 3:1, 

800 °C, 2 h  
2988 1.76 306 F g−1 1 A g−1 

95.7% after 

15,000 cycles 

 

78.4% at 30 A g−1 

(A,B) SEM images of 

KPAC-800. 
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Kombucha 

[35] 

Hierarchical 

porous carbon 

(KHPC) 

KOH:C = 

0.6:1, 700 °C, 

1 h 

917 0.41 326 F g−1 1 A g−1 
91.3% after 

5000 cycles 

 

82% at 20 A g−1 

(A,B) SEM images of 

KHPC. 

Crude 

auricularia 

[128] 

Pyrolyzed 

hydrothermally 

carbonized 

auricularia 

(P-HT-A) 

Not activated 80.08 0.496 196 F g−1 5 mV s−1 
91.8% after 

1000 cycles 

 

~31% at 200 mV s−1 

SEM images of (A) 

HT-A and (B) 

P-HT-A. 
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4. Conclusions and Perspectives 

In conclusion, the utilization of naturally abundant biomass to prepare biomass-derived 

carbons with high functional performance in supercapacitor application is green, cost-saving and 

sustainable. However, the processability, final structure, and functional performance of the 

as-prepared biomass-derived carbon is strongly correlated with the chemical composition, 

macroscopic structural hierarchy, and the sublevel microstructural characteristics of the biomass 

precursors. Thus, it requires rational design in the processes of precursor selection, carbonization, 

and activation to obtain high-performance biomass-derived carbon with optimized SSA, PV, 

specific capacitance and conductivity for supercapacitor applications. Even though the 

state-of-the-art research on the biomass-derived carbon for supercapacitors has shown relatively 

higher specific capacitances compared to conventional carbon nanomaterials (e.g., CNT, CNF), and 

excellent high-rate performance and cyclability, several critical challenges are still associated with 

the development of biomass-derived carbon for supercapacitors: 

(i) The carbon yield: it has been mentioned in the context that the carbon yields of the biomass 

differed according to the chemical and elemental compositions of the precursor, which were in the 

range between 5.5 and 52.1 wt%. It thus raises a serious concern that some of the biomass-derived 

carbons with excellent supercapacitive properties are obtained from low-carbon-yield precursors, 

which in turn substantially limit their large-scale production. 

To address this issue, pretreatments can be applied to the biomass precursors to improve their 

carbonization efficiency. For example, the major carbon contributors such as lignin, chitin and 

keratin can be extracted from the precursors, then purified and concentrated prior to the 

carbonization to achieve a high carbon yield [27,31,40]. On the other hand, improvements over the 

carbonization and activation processes can also be implemented, including combined the 

carbonization and activation in one pot by the proper mixing of KOH and the precursor [19,26,126]; 

metallic catalysts, and organic compounds can also mix with the biomass precursor to direct the 

graphitic structure formation and provide additional carbon source during carbonization, 

respectively [31,32,41]. 

(ii) The energy density: even though the specific capacitance of the biomass-derived carbons 

can reach relatively high values above 400 F g−1, they are still not comparable with the 

pseudocapacitive materials which can reach specific capacitance above 1000 F g−1 [134]. In other 

words, the biomass-derived carbons may attain the intrinsic drawbacks of electric double-layer 

capacitors such as lowered specific capacitance and energy density. To address this issue, 

heteroatom doping—such as N, S, B, O—can be introduced to the biomass-derived carbons by 

adding the heteroatom containing organic compounds either before or after the carbonization 

process [25,29,123]. On the other hand, nanocomposites of biomass-derived carbons with 

significantly enhanced energy density can also be obtained from the post-synthesis processes such 

as coating with conducting polymers and metal oxides [41,123,135]. 

(iii) Carbon microstructural control: until now, the synthesis and formation of biomass-derived 

carbons almost always followed the unattended process, which means there lacks engineering 

control over the carbonization and graphitization processes of the biomass precursors. The 

consequence of this ignorance causes a random arrangement of the graphitized structures over the 

biomass-derived carbons, and a random distribution of the macro-, meso- and micropores over the 

carbonized biomass, which in turn substantially lowers the charge transport efficiency and ion 

transport efficiency. To address this issue, engineering techniques should be applied over the 

carbonization process of the biomass precursors to control the orientation of the graphitized carbon 

and the pore distribution. For example, blowing reagents (e.g., NH4Cl) can be added during the 

carbonization process to obtain ultramicroporous carbon with graphene walls [118]; nanostructured 

templates, such as phenolic resins, silica, and metal-organic frameworks, can be integrated with the 

biomass precursors during carbonization to obtain microporous carbon with ordered pore size 

distribution [119,130,136]. On the other hand, the KOH activation can also be replaced by other 

highly efficient activation techniques such as air activation and hydrothermal activation, to obtain 

biomass-derived carbons with improved nitrogen contents and self-supporting properties [24,25]. 
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