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Abstract: The exploration of new materials as well as methods and sources of their production is a 

constantly growing trend in both scientific and industrial directions. One such method is carbonization, 

which has attracted a lot of attention over the past decades. Carbonization is the process of preparation 

of 3D carbonaceous materials with unique properties by thermal treatments with the exclusion of 

oxygen. A higher specific surface area characterizes the obtained nanoporous carbon materials 

compared to their precursors, and, consequently, they can be used in such fields as biotechnology, 

electrochemistry, or electronic industry. Special attention has been directed to the carbonization of 

nanoorganized biological materials due to their extensive composition and unique hierarchical structure. 

This review aims to provide insight into the examples of carbonization of selected biomaterials such as 

polysaccharides (cellulose, chitin) and proteins (keratin, spongin, silk) evidenced by excellent and 

successful examples from the recent literature. In addition, this work highlights the most significant 

aspects of diverse experiments, allowing getting inspiration for fields such as materials science and well 

extreme biomimetics. 
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1. Introduction 

Carbonization is a process referring to the transformation of three-dimensional (3D) 

organic macromolecules into a 3D "macro-atomic" network of carbon atoms during gradual 

heating. Small molecules (carbon dioxide, methanol, water) are removed from the organic 

system during the carbonization process. This process does not produce a continuous solid 

phase but a phase with nanometer-sized spaces - a porous 3D carbon network [1]. There are 

several processes for converting the starting material into a carbon-rich solid. Depending on 

the subsequent application, carbon can be obtained by pyrolysis, torrefaction, or hydrothermal 

carbonization. The main difference is the medium used. In the case of hydrothermal processes, 

the processes take place in water under subcritical or supercritical conditions, used especially 

for moist raw materials. Pyrolysis is a transformation under high temperatures without oxygen 

[2]. 

Biological materials (silk, keratin, collagen, spongin, chitin, cellulose, bone, dentin etc.) 

are materials produced solely by biological systems (Figure 1) [3]. They are more complex 
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materials than synthetic materials due to their hierarchical structure and multifunctionality 

[4,5]. Biological materials can be classified into soft and hard due to their mechanical 

properties. Soft biological materials build muscles, skin and internal organs, etc. Hard materials 

constitute the skeleton from which nails and teeth are built in vertebrates and the exoskeleton 

in arthropods [6]. 

Despite their well-recognized applications in biomedicine and tissue engineering, 

biological materials remain the focus of extreme biomimetics [7] and bioinspired materials 

science [8,9]. Extreme biomimetics is an attractive research direction that uses elements and 

models of nature to develop a new generation of biologically inspired and functional 

nanostructured composite materials [10]. The essential concept of this approach is to use 

biopolymers that are characterized by chemical and thermal resistance under these very 

particular in vitro conditions. Such research can lead to a greater understanding of the origin of 

life in harsh environments and new methods for creating novel composite materials with utterly 

new physicochemical properties [7]. Carbonization of appropriative structural biological 

materials is one of the directions within extreme biomimetics [11]. 

 
Figure 1. Selected biological materials and their source. 

In recent years, more attention has been paid to porous carbon materials due to their 

remarkable performance in various applications. The structure and parameters of the blanket 

carbonaceous material depend on the carbon source. The number of literature reports on 

carbonaceous materials derived from biological materials is steadily increasing. Most of the 

biopolymers such as silk [12,13], cellulose [14,15], chitin [16,17], keratin [18,19], spongin 

[11,20], etc.) can be successfully used as precursors of corresponding carbon materials. 

Producing carbon materials with controlled microstructure and morphology, especially at large 

scales and from renewable and biodegradable natural sources, is a current trend in materials 

science [21]. 

In today's modern world seeking high environmental applications, biological materials 

have gained significant interest. Sustainable natural resources are utilized because of their 
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potential to produce a variety of high-value products with low environmental impact. 

Composites containing biological materials with nanostructured architecture provide both 

interesting chemical properties and inspiration for biomimetic research [22]. The interest in the 

carbonization process, especially for biomass [23,24], stems from the fact that they open the 

possibility of creating new carbon materials with improved physicochemical properties, novel 

nanostructures, and the presence of heteroatoms, or hierarchical porosity. Knowledge of the 

elementary mechanisms and reactions can help gain these characteristics by adjusting process 

conditions. As reviewed below, such functionalized carbons are used in various fields. 

2. Carbonization of Structured Polysaccharides 

2.1. Cellulose. 

Cellulose is one of the most abundant biopolymers on earth [25]. The total cellulose 

production is about 1011-1012 tons per year [26,27]. Thus, it presents an enormous amount of 

renewable and biodegradable resources for raw materials. In addition to plants, which are the 

main source of cellulose, selected bacteria such as Gluconacetobacter, Aerobacter, Azobacter 

Achromobacter, Salmonella, Pseudomonas, Rhizobium, Alcaligenes as well as oomycetes and 

algae are also able to produce cellulose [28–30]. Regardless of its source, each cellulose chain 

is made up of anhydro-D-glucose molecules linked by β-1-glycosidic bonds [31]. Bacterial 

cellulose (BC) was first accidentally discovered during vinegar fermentation in 1886 by Brown 

[32]. Since then, numerous studies conducted in this field have confirmed its unique properties. 

BC and its derivatives have been shown to have great potential in various applications such as 

biomedicine [33], and electronics [34] (for a recent overview, see [35]). 

For the first time, Zhu and co-workers [36] converted pure cellulose nanocrystals 

(CNCs) extracted from wood into porous carbon with a defined network structure and per 

located carbon nanofibers by carbonization at relatively low temperature (1000°C) (Figure 2), 

and then used them as anode for sodium-ion batteries (SIBs). The electrochemical properties 

of the CNC-derived carbon showed promise. The obtained porous carbon exhibited excellent 

properties, including a high reversible capacity of 340 mAh/g at a current density of 100 mA/g, 

one of the highest capacities of carbon anodes for SIBs.  

 
Figure 2. Scheme showing the transformation of cellulose nanocrystals into percolated conductive carbon by 

carbonization.  

In 2018, Feng and co-workers [37] obtained carbon nanospheres (CNs) from cellulose 

by microwave-assisted hydrothermal carbonization. The carbon materials were adsorbents for 

trace amounts of pharmaceuticals such as diclofenac sodium (DCF) in aqueous solutions. The 

removal efficiencies of diclofenac by CN were 100 % removal of 0.001 mg/mL DCF within 
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30 seconds and 59 % removal of 0.01 mg/mL DCF within 1 hour, respectively. In addition, the 

effective adsorption capacity was also observed against three other commonly detected 

contaminants in wastewater - diphenylamine (DPA), benzophenone (BZP), and ketoprofen 

(KP). The methodology presented in this study provides further insight into drug adsorption on 

cellulosic carbon adsorbents and the application of biodegradable carbons in the treatment of 

pharmaceutical-contaminated wastewater [37]. 

Hydrochar microspheres have great potential for use in biomass valorization to produce 

value-added compounds. They represent easy to process and clean carbon materials. Sheng's 

group investigated the feasibility of using hydrochars from cellulose and xylan for biofuel 

production in 2019 [38]. The obtained results showed that the specific surface area (SBET) of 

cellulose-derived hydrochar is higher than xylan-derived hydrochar (118 m2/g >28 m2/g). 

Hence, Al catalyst (Al-Cel-HTC) for glucose isomerization was obtained by the one-step 

hydrothermal process of cellulose-derived hydrochar. The catalytic performance results of Al-

Cel-HTC indicate that 13.4% fructose can be obtained from glucose isomerization with high 

selectivity (77.8 mol/%) [38]. 

Despite the great progress in obtaining carbon nanospheres, their utilization in LIB cells 

is still a great challenge. In recent years, with the rapid development of energy technologies, 

more attention has been paid to the synthesis of carbon materials for the anode of lithium-ion 

batteries (LIBs) with biomass as a resource. Carbon materials such as carbon nanospheres 

(CCS) based on cellulose were synthesized by Yu and co-workers [39] by performing 

hydrothermal carbonization (HTC). They used corn straw, which is a waste material from 

agricultural fields, as raw material. They used the obtained carbonaceous material as an 

electrode for LIB. By carefully controlling the reaction time, they captured the most optimal 

conditions. The carbon products obtained after carbonization for 36 h showed excellent 

chemical stability and specific capacitance of 577 mA h g–1 after 100 cycles at 0.2C. This work 

presents an environmentally friendly and efficient method to produce CCS from corn straw and 

opens new opportunities for anode LIBs [39].  

In 2020, Adolffson and co-workers [40] in their study described cationized cellulose 

filters with an oxidized carbonized cellulose (OCC) coating. The cellulose filters were treated 

with the following reagents as 3-chloro-2-hydroxypropyltrimethylammonium chloride 

(CHTAC) and sodium hydroxide. OCC was obtained by hydrothermal carbonization of 

biopolymer - cellulose and further steps such as oxidation and dialysis. After that, they were 

connected to the cationized filters by electrostatic interactions. The application of filters based 

on adsorbed the mode of pollution methylene blue (MB) from an aqueous solution and MB 

could then be found on the filter surfaces by surface-assisted desorption ionization-mass 

spectrometry (SALDI-MS). This innovative study provides the promising potential of OCC-

coated filters as combination surfaces for use in the quick monitoring of environmental 

impurities [40]. 

Recently, also cellulose-based composites have been used for the development of 

carbon fibers. Bengtsson and co-workers [41] prepared carbon fibers (CF) from a lignin-

cellulose precursor (a mixture of softwood kraft lignin  (SKL) and bleached softwood sulfate 

pulp (KP)) by a fixation process and determined what effect carbonization time and 

temperature have on CF properties. It was shown that reducing the time does not significantly 

affect the tensile properties and that the temperature range of 600-800°C is the critical point of 

carbonization where there is a significant increase in tensile properties (from 360 to 810 MPa). 

The highest Young's modulus (77 GPa) was secured during the carbonization process at 
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1600°C, which suggests a gradual transformation of CF from amorphous to nanocrystalline 

graphite, while the material obtained at 1000°C has the highest tensile strength (1050 MPa), 

which may be due to the increase in radial heterogeneity [41]. 

So far, the mechanism of structural transformation and how the different biomass 

components interact with each other during thermal decomposition are not fully elucidated. In 

2021, Meng and co-workers [42] in their study focused attention on the structure evolution of 

nanocellulose and lignin during carbonization. The carbonization of both precursors under the 

same conditions in the temperature range of 320 to 950°C resulted in two types of carbons. It 

was observed that cellulose forms a nanoporous structure typical of porous carbons, while 

lignin-derived carbon forms graphite sheet and onion structures that indicate partial 

graphitization. The presented studies can provide a basis for understanding the carbonization 

mechanism of key biomass components and encourage further research on modifying their 

structure to obtain better properties [42].  

2.2. Chitin. 

Chitin is the second most widely encountered natural carbohydrate polymer after 

cellulose [43]. Its total production is approximately 1010-1011 tons annually [44]. Chitin 

comprises of β-(1,4)-linked-2-acetamido-2-deoxy-d-glucopyranose units with significant 

amidogen and hydroxyl groups [45]; hence it has great potential in obtaining N-enriched 

carbons for supercapacitors [46,47]. Moreover, it attracts special interest due to its high 

availability, non-toxicity, and biodegradability. Chitin occurs in nature as ordered crystalline 

microfibrils forming structural components in the cell walls of diatoms [48], yeast, and fungi, 

as well in the exoskeletons of selected corals [49,50], sponges [51–55], as well as diverse 

arthropods [56,57]. It is also produced by many other living organisms in the lower plant and 

animal kingdoms, performing many functions where strength and durability are required [58–

60]. Despite the widespread occurrence of chitin, the main commercial sources of chitin have 

been crabs and shrimp shells [61]. Only recently, naturally prestructured and ready-to-use 

chitin scaffolds of poriferan origin remain to be in the focus of tissue engineering [62–64] and 

material science [65–68]. 

 
Figure 3. Scheme for obtaining nanofibrous carbon microspheres.  

Conversion of small value biomass wastes (carbonization, etc.) into valuable and useful 

materials can benefit the environment and create high value-added chitin. Especially the fact 
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that many biomass materials, including chitin, are naturally rich in heteroatoms (oxygen, 

nitrogen), and after pyrolysis at high temperature and in an inert atmosphere, it is possible to 

convert into stable heteroatom admix carbon materials. Duan and co-workers [69] prepared N-

doped nanofibrous microspheres by dissolving chitin in an aqueous NaOH/urea solvent 

followed by carbonization (Figure 3). The prepared carbon material exhibited a high specific 

surface area (more than 1000 m2/g) and stable 3D-connected lattice structure and was 

successfully applied in supercapacitors. 

Wang and co-workers [70] developed a novel method to receive hierarchical porous 

material based on carbon modified with heteroatoms obtained from chitin using KMnO4 

reagent as a crucial activator and stencil precursor with hydroxyl and amidogen. Optimization 

of the synthesis yielded hierarchical porous carbon materials (HPC-700) characterized by large 

specific surface area and numerous oxygen and nitrogen functional groups, resulting in an 

HPC-700 electrode with very high specific capacitance (412.5 F g–1 at 0.5 A g–1) and 

satisfactory electrochemical stability (only 0.4% loss after 10,000 cycles). Moreover, the 

developed flexible material as an all-solid-state supercapacitor exhibited high energy density 

(9.67 Wh Kg–1) and excellent electrochemical stability in PVA/KOH electrolyte sol. This 

synthesis approach can promote the use of biomass as a carbon source and applications in the 

field of energy storage systems.  

Another approach was presented by Zheng and co-workers [71], who fabricated 

nitrogen-doped carbon nanospheres with ordered microporous structure by direct pyrolysis of 

chitin nanogels. The obtained nanospheres had a 20-30 nm diameter and a high specific surface 

area of 1363 m2/g. Besides, the porous carbon nanospheres preserved a nitrogen element 

content of 3.2% and desirable conductivity properties. Furthermore, the capacitor electrodes 

prepared from carbon nanospheres obtained by pyrolysis at 800°C (CNC-800) exhibited a 

capacitance of 192 F g–1 at a current density of 0.5 A exceptional cycling stability.  

In 2021, Jiang and co-workers [72] successfully synthesized heteroatom-doped porous 

carbon (CL) by pyrolysis without using an activation reagent. They used biomass waste chitin 

with lignosulfonate as a precursor, which was a natural sulfur doping agent. The obtained CLs 

used as electrode materials exhibited excellent electrochemical properties - high reversible 

specific capacitance (644.5 mA h g at a current density of 50 mA g–1) and stable cycling 

resistance (after 300 cycles at a current density of 100 mA g–1, a specific capacitance of 350.7 

mA g–1 was still maintained).  

Zero-dimensional carbon materials, including quantum dots of biological origin, have 

started to play an increasingly important role in bioimaging, biosensor applications, and 

photocatalysis. This is due to their ease of preparation and functionalization, low cost, and their 

characteristics - excellent physicochemical and photochemical stability and low toxicity 

[73,74]. Up to now, there have been few reports on the preparation of quantum dots from chitin 

as a precursor. In these reports, chitin usually required pretreatment to remove the acetyl group 

or to form chitin nanofibers [75,76]. In 2020, Jiang's group [77] reported a procedure to prepare 

nitrogen-doped quantum dots (N-CQDs) from chitin as a precursor but without pretreatment 

and the addition of ammonia as a passivator. Ammonia accelerated the degradation and 

hydrothermal carbonization of chitin and provided an additional nitrogen source. The obtained 

N-CDQs with spheroidal morphology (diameter 4.21 nm) exhibited photoluminescence under 

UV irradiation and provided a good fluorescent sensor for ClO– detection.  

Elimination of contaminants in the water is possible, among other things, through 

adsorption technology. Activated carbon is the most used adsorbent due to its unique intrinsic 
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properties. Ji and co-workers [78] prepared carbon materials by carbonization followed by 

chemical activation (KOH) of chitinous biomass. The resulting highly porous activated carbon 

had a high BET specific surface area (2186.3 m2/g) and total pore volume (0.9815 cm3/g). It 

was also found to be a good adsorbent for the removal of cationic Crystal Violet (CV) dye from 

solution for a large pH range, with removal efficiencies close to 100%. Khanday and co-

workers [79] characterized activated carbons (ACs) with relatively large BET surface area 

(1199.02 m2/g) produced by single-step chitin pyrolysis and phosphoric acid activation. The 

generated carbons were used in the adsorption of the antibiotic cephalexin (CFX). Compared 

with the activated carbons from other precursors, the activated carbons from chitin had higher 

adsorption capacity toward CFX; the maximum monolayer adsorption capacity reached 245.19 

mg/g at 50°C. Hence, this work confirms that ACs from chitin represent an effective and 

economical adsorbent both for particles and antibiotics and for removing various contaminants 

from water.  

3. Carbonization of Structural Proteins 

3.1. Keratin. 

Keratin is an example of a structural protein that associates with intermediate filaments 

of vertebrates forming the bulk of cytoskeleton and epidermal appendageal structures such as 

nails, hair, feathers, horns, and wool [80]. Also, marine fish (sharks; hagfish), birds, mammals 

(whales, dolphins, porpoises), and reptilians (turtles, crocodilian) contain keratins in the form 

of intermediate filaments (IFs). These filaments are primarily strictly intracellular entities 

except marine fish, which secrete intermediate filaments in defensive mucus [4,81]. 

Keratin is rich in such elements as oxygen, hydrogen, nitrogen, sulfur, and trace 

amounts of Mg, Fe, among others [82]. There are hard keratins with higher amounts of sulfur, 

which mainly build the structure of the hard epidermis, and soft keratins with lower amounts 

that provide elasticity to epithelial tissues (epidermis) [83]. Keratin wastes such as those from 

the butchery industry (e.g., animal hairs, feathers, and horns) and from textiles (wool materials) 

are annually generated at 8.6 million tons and 2.5 million tons, respectively [84,85]. Therefore, 

it remains in nature, causing various types of contamination. The best way to solve these 

problems is to use bio-waste as a resource. 

Recently, keratin-based materials have attracted more attention due to their ability to 

be converted into more useful forms. A variety of keratin-based biomaterials such as films, 

fibers, hydrogels, and sponges have made them applicable in the field of biomedical sciences. 

Due to the fact that these biomaterials are biocompatible, durable, biodegradable, and have the 

ability of cell proliferation, which makes them excellent candidates in tissue engineering and 

drug delivery systems [86,87] (for a recent overview, see also [88]).   

Human hair is also a common bio-waste that is mainly composed of heteroatom-

containing amino acids [89]. It represents one of the most abundant keratin wastes, which 

slowly decomposes over time by releasing its constituent elements carbon, sulfur, nitrogen, and 

oxygen into nature [90]. Therefore, it remains in nature, causing various types of 

contamination. The best way to solve these problems is to use bio-waste as a resource. 

Activated carbons obtained from human hair are being investigated for diverse applications 

modes, for instance, electrochemical sensors [91], gas absorption [92,93], electrocatalysis [94], 

electrode materials for solar cells [95], and supercapacitors [18,96–98] (Figure 4). 
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Figure 4. Applications of keratin-derived carbon materials [18,91–98]. 

Martin Parrondo and Bagriantsev [99] have patented a method to synthesize synthetic 

diamond monocrystals of different colors from carbon obtained by carbonizing keratin 

contained in human or animal hair and then subjecting it to a high-temperature and high-

pressure process. 

Pramanick and co-workers [91] prepared carbon microfibers by pyrolysis of human hair 

and applied them successfully for electrochemical detection of ascorbic acid and dopamine. 

Ahmed and co-workers [92] synthesized porous carbon material (HHC) by KOH activation for 

the adsorption of tetracycline antibiotics (TC). HHC showed a high surface area of 1505.11 

m2/g and 68.34% microporosity; the maximum monolayer adsorption capacity for TC was 

128.52 mg/g at 30°C. Zhao and co-workers [93] successfully synthesized nitrogen- and sulfur-

doped porous carbon materials from human hair via a simple method based on the following 

steps degradation and, finally, carbonization/chemical activation phase. The received novel 

carbon materials had large specific surface areas (up to 2700 m2/g) and excellent gas sorption 

properties: carbon dioxide uptake (up to 24.0 wt%, at 273 K and 1.0 bar), methane adsorption 

(up to 3.04 wt%, at 273 K and 1.0 bar), and hydrogen adsorption (up to 2.03 wt%, at 77 K and 

1.0 bar). Freitas and co-workers [94] developed a highly efficient and active electrocatalyst for 

hydrogen evolution reaction (HER). Porous carbon doped with N and S obtained by pyrolysis 

of human hair showed high activity for hydrogen evolution with a low overpotential of only -

12 mV, a Tafel slope of 57.4 mV dec–1, a current density of 10 mA cm–2 at - 0.1 V vs. RHE, 

and remarkable durability. This performance was highly similar to that of commercial 20 wt% 

Pt/C catalysts. Sahasrabudhe et al. [95] received highly electrocatalytic porous graphitic carbon 

(GPC) by simple carbonization from bio-waste of human hair without an activation process. 

The carbon obtained in this way was first used in quantum dot sensitized solar cells (QDSC) 

in the form of catalytic counter electrodes (CE). The spectacular PCE of 4.44% achieved during 

optimization GPC CE was found to overtake that of other contemporary CE materials such as 

Pt and active commercial carbon; however, similar to the widely used material as CuxS CEs. 

Si and co-workers [96] synthesized nitrogen- and sulfur-doped carbon material by 

hydrothermal carbonization of human hair and glucose as carbon precursors followed by KOH 
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activation. They applied the resulting carbon in a supercapacitor, obtaining a specific 

capacitance of 264 F g–1 with a very low current density of 0.25 A g–1, which dropped to 154 

F g–1 after only 1000 cycles. Quian and co-workers [18] obtained heteroatom-doped activated 

carbon flakes for a supercapacitor electrode via carbonization of human hair fibers followed 

by activation with KOH. The capacitance value for the carbon was 340 F g–1 at a current density 

of 1A g–1 and good stability over 20,000 cycles. However, a toxic organic electrolyte was used 

to produce the supercapacitor, which has adverse environmental effects. In 2020, Siha and co-

workers [98] obtained activated carbon sheets, which they used as ultra-high quality electrode 

material in supercapacitors. Human hair was carbonized at 900°C and activated with KOH, 

resulting in nanometer-thick carbon sheets with a specific surface area of 1548 m2/g. The 

electrode material prepared from this carbon shows an exceptional specific capacitance of 999 

F g–1 at a current density of 1 A g–1. Also, the symmetrical supercapacitor assembled from it 

provides an excellent energy density of 32 W h Kg–1 at a power density of 325 W Kg–1 and 

retains up to 21.4 W h Kg–1 even at a very high-power density of 8125 W Kg–1. Besides, it 

shows high cyclic stability, retaining 98% of the initial capacitance value after 10,000 

continuous GCD cycles at a high current density of 5 A g –1 using 6 M KOH as the electrolyte 

[98]. 

Human fingernails, which can be easily extracted from nail salon waste, are also a 

promising precursor for synthesizing carbon materials. Chatzimitakos and co-workers [100] 

reported an efficient method to synthesize multifunctional carbon nanodots (CDNs) by 

carbonization at 200°C of human fingernails. The obtained CDNs were used to prepare an 

ultra-sensitive probe for Cr(VI) detection based on a combination of internal filter and static 

quenching mechanism. The performed studies showed that the CDNs promote cell 

proliferation, are compatible with blood, and are suitable for cell imaging, making them 

suitable for more advanced biological applications. 

Chicken feathers are composed of keratin tubes with an α-helix structure filled with 

keratin with a β-helix structure [101]. After their carbonization and activation, it is possible to 

obtain a homogeneous porous material with a large BET surface area. Due to economic and 

environmental reasons, chicken feathers are increasingly used as carbon precursors for 

applications, including as electrode materials for supercapacitors [102,103], electrocatalysts 

[104], and adsorbents [105–108]. Hastuti and co-workers [109] prepared activated carbon from 

chicken feathers and investigated its use as an electrode material for lithium-ion batteries. The 

carbon materials were obtained by pyrolysis at 700°C, which were then activated using 

different concentrations of KOH. The optimized material used as electrode material showed a 

high discharge capacity of 445.87 mAhg–1 and maintained a Coulombic efficiency of almost 

100%. In 2020, Rangaraj and co-workers [110] developed a zinc sulfide composite doped with 

carbon material obtained by carbonization of chicken feathers (ZnSCFC). The obtained 

composite used as anode material for Li-ion batteries shows a reversible capacity of 788 mAh 

g–1 after 150 cycles at 100 mA g–1. 

A commonly used method for fiber production is electrospinning. With this method, 

well-defined fibers with nanometer diameters can be obtained using different types of 

polymeric diluents. Villanueva and co-workers [111], in their study for the electrospinning 

process, used polyacrylonitrile (PAN) dissolved in N,N-dimethylformamide (DMF) with the 

addition of keratin solution (5%, 7%, 10% solution volume) from chicken feathers to improve 

the electrical properties of fibers. The study indicates that electrospun carbon nanofibers based 

on PAN and keratin can be potential electrodes for asymmetric supercapacitors. 
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3.2. Spongin. 

Spongin is the fibrous skeletal proteinaceous composite [112] of sponges belonging to 

the class Demospongiae (phylum Porifera), which are cultivated worldwide and are a 

renewable biological material that can be produced on a large scale [113]. According to Ehrlich 

[5], spongin is not a pure protein structure but rather a type of collagen-based composite that 

combines with halogenated and Ca- and Si-containing fibrillar structures, resulting in a dense 

network of nanofibrils [114]. The sponginous structure is formed by single fibers up to 100 nm 

thick and composed of nanofibers that interconnect into complex hierarchical 3D networks 

with high porosity (Figure 5). This structure of spongin is responsible for its unique 

physicochemical and mechanical properties [115,116] and provides high thermal stability up 

to 360°C [117]. Therefore, marine bath sponges are an efficient model for developing new 3D 

composites with hierarchical structures using biodegradable and non-toxic organic scaffolds 

[20,65]. 

During 600 million years of evolution, marine demosponges produced structures 

ranging from centimeters to meters [116]. Since ancient times, spongin-based 3D skeletons 

have been known as bath sponges or commercial sponges. The intensive farming of marine 

sponges worldwide and market volume of $20 million per year was largely limited to cosmetic 

and simple medical applications only [116]. Although the structural variety of marine sponge 

skeletons as a biological material is still not completely uncovered, numerous literature studies 

emerging recently on sponge-based skeleton materials prove that it is a renewable source of 

naturally occurring prestructured 3D constructs with convenient, practical application in 

various fields like biomedicine, tissue engineering as well technology [5,67,118–121] 

 
Figure 5. Schematic view of the structure of sponges. The SEM images on the right show the sponge-based 

skeleton structure. Reprinted from [116] (licensed under CC BY 4.0). 

Due to spongin's acid resistance and thermostability (up to 350°C), several successful 

attempts to use this biopolymer as a scaffold in extreme biomimetic approaches have been 

reported since 2015. Szatkowski and co-workers [122] used this biological material for the 

hydrothermal treatment of hematite (α-Fe2O3) at 90°C using a reagent as FeCl3 to get a 

hematite-sponge-like scaffold. The resulting material  Fe2O3/spongin was tested for use as an 

anode material in a capacitor. The outcomes show that components built on this novel 

composite (α-Fe2O3-spongin) have a beneficial impact on the capacitance of energy carriers. 

The same research group [123] also produced another composite by immobilizing TiO2 on 3D 

spongin scaffolds at 120°C. The use of the obtained composite as a photocatalyst for the 

removal of dyes (Methylene Blue [122], C.I. Basic Blue [10]) showed promising results for 
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both sorption and photocatalytic processes. In another paper, Akbari and co-workers [120] 

described a magnetic composite based on a 3D spongin scaffold with nanoscale Fe3O4 cores 

for organic wastewater treatment applications. The obtained composite efficiently adsorbed 

cationic dyes such as methylene blue (MB) and crystal violet (CV). Besides, the good 

adsorption properties of this material make it a potential drug carrier. For the past few years, a 

new trend in extreme biomimetics has been the design of spongin-based 3D scaffolds at 500°C 

in an oxygen-free atmosphere.  

Szatkowski and co-workers [20] described the synthesis of a novel nanostructured 

MnO2-based 3D composite by an extreme biomimetics approach. The MnO2/carbonized 

spongin composite is characterized by a unique spongin carbon fiber network (carbonized at 

650°C) and a defined nanoscale manganese oxide structure. The resulting composite exhibits 

a bimodal pore distribution, with macropores derived from the sponge network and mesopores 

from the nanostructured oxide coating. Moreover, the composite exhibited better 

electrochemical properties when equated to MnO2, and voltammetry cycling showed it to be 

stable over 300 charge/discharge cycles. In 2019, Petrenko and co-workers [11] presented the 

first successful design of a centimeter-scale 3D spongin-Cu/Cu2O material using an extreme 

biomimetic strategy. The thermostability of this collagenous raw material at temperatures up 

to 1200°C enables the fabrication of 3D fibrous and nanoporous turbostatic graphite up to 4 x 

10 cm large (Figure 6). 

 
Figure 6. Turbostratic graphite-based 3D scaffold obtained after carbonization of microfibrous spongin at 

1200°C. 

Furthermore, the obtained results confirm that the turbostatic graphite is unique in 

retaining the nanostructural features typical for triple-helix collagen. The copper electroplating 

of the material performed yielded a hybrid material that could successfully catalyze the 

reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in both marine and freshwater 
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environments. In another paper, Żółtowska and co-workers [124] described the synthesis of 

three different cobalt oxide-based catalysts that were obtained by carbonization of spongin 

skeletons (400, 500, 600°C) and their functionalization by a simple sorption-reduction method. 

The tests performed confirmed the presence of a metal-containing phase (mainly Co3O4) that 

covered the carbonized spongin fibers. The carbon-based composite obtained at 600°C showed 

comparable to other materials reported in the literature ability to oxidize styrene, decolorize 

rhodamine B, and reduce 4-nitrophenol. Besides, all the obtained materials showed profitable 

activity in reducing 4-nitrophenol and can be reused even after the fifth catalytic cycle. The 

same group [125] reported a method to synthesize novel 3D fibrous-like NiO/Ni(OH)2/Ni-

carbonized spongin-based materials and investigated their potential use as catalysts in model 

reactions. Low-temperature carbonization (400, 500, 600°C) of sponge-based scaffolds yielded 

hierarchical 3D carbon structures with the original sponge skeleton morphology, which were 

then modified with nickel compound (nickel nitrate). The obtained new catalysts were 

subjected to catalytic studies, which showed high efficiency in reducing 4-nitrophenol and 

oxidation of phenolic compounds in water. Depending on the substrate used, the oxidation 

yields were up to 99% for 4-chlorophenoxyacetic acid (4-CPA) and 

methylchlorophenoxypropionic acid (MCPP) and from 80% for phenol at pH2. 

3.3. Silk. 

Silk belongs to the class of structural fibrous proteins to be found mostly in arthropods, 

mainly silkworms (Bombyx mori, Atheraea pernyi) and spiders (Nephila clavipes and Araneus 

diadematus) (Figure 7a) [126] as well as in marine amphipods [127]. Silk proteins are usually 

produced in specialized glands, then spun into fibers [128].  

 
Figure 7. (a) Natural sources of silk; (b) The different hierarchical structures of fibers from the spider Araneus 

diadematus and the silkworm B. mori; (c) Schematics of the secondary structures of silk. Adapted from [134] 

(licensed under CC BY-NC 4.0, modification of section a) from original). 

The silks of various arthropods show differences on a macroscopic scale (e.g., in the 

hierarchical organization [129,130]). Silkworm fibroin fibrils are packed into two parallel cores 
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that are sheathed in sericin, whereas spider fibroin fibers are packed into a single core sheathed 

by layers of lipids and glycoproteins (Figure 7b). At the molecular level, silk fibroins of 

different species consist of long chains of amino acids whose branches interact with each other 

to form 2D structures such as helices, α-helices, and β-sheets (Figure 7c) [130]. The most stable 

2D structures are β-sheets, which are formed by numerous hydrogen bonds organized between 

polypeptide chains. This structure is associated with corresponding functions in protein 

materials, for example, the unique mechanical properties of spider silk or worm silk [131,132] 

and their misaggregation leading to Alzheimer's and Parkinson's diseases [133]. Silk proteins 

have attracted a lot of attention from scientists, especially because they do not undergo 

combustion at elevated temperatures but are converted into pyroprotein (carbonaceous solid). 

A more detailed study on the carbonization mechanism of silk proteins was carried out by Cho 

and co-workers [12], who found that β-sheets are converted into hexagonal carbon structures 

upon heating up to 350°C, while graphitic structures are formed upon heating up to 2800°C.   

Silk fibroin (SF) extracted from the silkworm bombyx mori is characterized by a rich 

amino-group structure - β-sheets and β-crystalline structures are present [135]. This structure 

determines that the obtained biomass has excellent mechanical properties [132], is 

biocompatible, and is easy to be chemically modified, making silk a promising material for 

biological applications [136]. Additionally, by simple heat treatment, SF can be converted into 

highly catalytic carbonized silk fibroin (CSF) materials rich in N-finding applications as 

electrocatalysts [135], sensors [137], and flexible electronics [136]. 

One of the fibrous materials found in nature is spider webs (Figure 8) available on a 

micro-scale. Due to their good properties, including durability, flexibility, and degradability, 

they are good materials for obtaining carbon fibers. There are many reports in the literature on 

the study of obtaining carbon materials from spider webs [12,138,139]. 

 
Figure 8. SEM image of spider's web. 

One type of silk functionalization to improve mechanical properties, durability, etc., is 

an efficient and low-cost strategy to combine spinning with the continuous dip-coating 

technique to produce thermochromic silks (TCS). In 2021, Wang and co-workers [140]  

developed TCS with extremely long length (>10 km) and exceptional strength and toughness. 

Thermochromic silks woven into arbitrary fabrics could potentially be used in wearable 

devices, smart textiles, or flexible displays. 
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Wang and co-workers [141] used carbonized silk nanofibers (CSilkNMs) to fabricate 

skin-like pressure sensors. Ultra-thin CSilkNMs were obtained from the silk of the silkworm 

Bombyx mori by electrospinning and carbonization at 800°C. The sensors were constructed 

from CSilkNMs and microstructured polydimethylsiloxane (PDMS) films which a flexible 

substrate exhibited excellent properties, including high sensitivity (34.47 kPa–1) over a wide 

pressure range, ultra-low detection limit (0.8 Pa), the fast response time (<16.7 ms) and high 

durability (>10,000 cycles). The superb performance makes it suitable for successful 

application monitoring human physiological signals. 

Xiong and co-workers [142] presented the first example of artificial enzymes derived 

from silk fibroin. Silk fibroin (SF) extracted from silkworm cocoon silk fibers was converted 

by one-step carbonization in the temperature range of 500-1000°C under an argon atmosphere 

into active carbonized nitrogen-rich SFs (CSFs). CSFs have been shown to be highly efficient 

peroxidase and oxidase mimetics, and their enzymatic activity is highly dependent on the 

carbonization temperature (higher activity after treatment at higher temperatures). This 

phenomenon is mainly attributed to the increase in the degree of graphitization and the 

formation of turbostatic carbon. In addition, the catalytic performance of CSFs can be 

controlled by near-infrared (NIR) light illumination, which enables the design of an intelligent 

artificial enzyme system. Such silk derivatives can be employed in photothermal-catalytic 

cancer therapy and sensing device [142]. 

In their research, Qi and co-workers [143] described a one-step scalable carbonization 

process at different temperatures (800, 1000, 1250°C) of two kinds of animal silk, Antheraea 

pernyi silk, and Bombyx mori silk. The obtained carbon silk materials retained their original 

morphology were conductive and mechanically robust. The carbonized silks were successfully 

used in fluidic fiber generators and solar steam generations. 

Shastri and co-workers [144] proposed the synthesis of a new nanocomposite and used 

it as a cathode material for Li-sulfur batteries. First, sulfur nanosheets (S) were synthesized 

using a microwave method, which were then anchored on porous carbon materials obtained by 

carbonization at 900°C of silk cocoon (sC). The S-sC nanocomposite as cathode material 

exhibited an initial specific capacitance of 1231 mAh/g at 0.05 C, and after 50 cycles, the 

sample retained a capacity of 997 mAh/g. 

Jia and co-workers [145] constructed a 3D water evaporator based on a carbonized 

silkworm cocoon. After carbonization at different temperatures (250-300°C), the carbon 

material was equipped with super-absorbent polymers (SAPs) and applied to a solar-powered 

water evaporator device. The evaporator made of the carbonized material at 275°C was durable, 

exhibited better optical absorption than other water evaporators, and had more efficient water 

transport, promoting rapid steam generation. The study highlights the potential application of 

such a solar-powered evaporator for efficient water evaporation and wastewater treatment. 

In 2020, Wang and co-workers [146] obtained carbon dots (MSC-CDs) from mulberry 

silkworm cocoons (MSC) carbonization by high-temperature modified pyrolysis. The carbon 

materials obtained had a diameter of 2.26-9.35 nm and exhibited good solubility and 

bioactivity. Pharmacodynamic studies in three animal models confirmed the anti-inflammatory 

activity, which could be related to the inhibition of interleukin-6 (IL-6) and tumor necrosis 

factor-α expression (TNF). MSC-CDs provide material for further research in biomedicine and 

medicine. 

Recently, for the first time, silk was used as a carbon precursor to produce a carbon 

fiber/ceramic composite. Li and co-workers [147] presented a one-step method in which 
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ceramization of ceramic precursors and carbonization of silk fabric/silk cocoon occurred 

simultaneously. The resulting composite exhibited excellent electrothermal performance and 

is a promising material for an electrothermal conversion application. 

4. Future Perspective 

The use of renewable biological materials such as cellulose, chitin, keratin, spongin, 

and silk to synthesize carbons is a revolutionary trend in materials science. These approaches 

affect the reduction of biomass waste, which positively impacts the environment. Additionally, 

the obtained carbon materials are biodegradable, biocompatible, non-toxic, and precursors are 

derived from renewable resources. Although research on their preparation has been going on 

for several years, there is still a need to improve the synthesis and optimization of carbonization 

conditions (temperature, pressure, time) because the nature and origin of biological materials 

are diverse. Also, surface modification and the creation of novel nanocomposites may 

contribute to the improvement of their properties, which will open the way to countless 

applications in biotechnology, electronics, biomedicine, etc., including commercial purposes 

on a large scale.  

4. Conclusions 

Biological materials science is a rewarding area of research in the field of materials 

science, bringing evolutionary insights into living organisms and inspiration for biomimetic 

research. The growing environmental awareness of people is causing scientists to pay great 

attention to research based on biological materials that are easily modifiable yet ecological, 

renewable, and non-toxic. A lot of interest is directed towards the carbonization process, by 

which nanoorganized biological materials are transformed into new nanostructured carbon 

materials with unique properties and positive environmental impact. The possibility of 

optimization of the process conditions as well as subsequent activation or modification of 

carbonized materials makes it possible to obtain novel composites at the nanoscale for 

applications in many technological and environmental fields. 
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