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Abstract

Biocarbons are carbonaceous solids derived from renewable 
and sustainable feedstocks and their combinations through 
thermochemical conversion at high temperatures (>350 °C) in the 
absence of oxygen or in limited oxygen. Expanding their applications 
from soil and fuel into advanced arenas of polymer composites, energy 
and environment is the key strategy to substitute for a wide range of 
conventional fossil-based carbon materials with the added benefits 
of sustainability and circularity. This Primer discusses biocarbon 
research, including feedstock selection, characterization, pyrolysis 
techniques, post-modification strategies, diversified applications 
and challenges. A critical assessment of carbon sequestration, waste 
reduction, economic impact, material sustainability and circularity 
and future perspectives is presented. This Primer mainly focuses on 
materials (polymer composites), energy (storage and conversion) 
and environmental remediation (wastewater treatment and CO2 
capture). The hurdles that biocarbon-based materials must overcome 
are effective market propagation, industry-standard adherence and 
maintenance of a steady flow of feedstocks to guarantee continuous 
production. Maintenance of reproducibility of biocarbon materials 
with similar physicochemical and functional properties is another 
challenging task, which needs more investigation with the support of 
theoretical modelling and database generation. The Primer also delves 
into techno-economic analysis, which integrates biomass logistics and 
their industrial processing, which will enable a new manufacturing 
platform in biocarbon production for large-scale technological 
applications.
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Experimentation
Biomass diversity and availability
The key advantages of using biomass as the feedstock for biocarbon 
materials are its diversity, abundance, carbon-rich constituents and 
environmental benefits (such as carbon sequestration, waste valoriza-
tion and greenhouse gas reduction)7,22. Numerous types of biomass, 
namely industrial co-products, municipal clean wastes, agro-forestry 
residues, energy crops and aquatic biomass, have been investigated as 
feedstocks for biocarbon production; further details are provided in 
the Supplementary information23–26. Biomass exhibits a diverse range 
of structural (cellulose, hemicelluloses, lignin, minerals and other 
components) and morphological features, yielding biocarbons with 
various physiochemical properties and functionalities4. The increas-
ing demand for biocarbon requires consideration of the availability of 
biomass for large-volume production3. Hence, it is essential to have a 
clear understanding about biomass diversity, its availability and its 
desired properties to strengthen the supply chain27.

An increase in agricultural activity is needed to ensure food secu-
rity for the increasing global population. Agricultural activity is directly 
proportional to the amount of residual biomass production, which 
needs to be disposed of or used in an economically effective man-
ner. Forestry-related activities (logging and lumbering), paper and 
pulp and agro industries also generate a large volume of biomass, 
and urban day-to-day activities generate organic waste, which needs to 
be disposed of in an effective manner28. Furthermore, aquatic biomass 
and its residues (from algae biofuel industries and fish processing 
industries) also contribute to biomass, which can be used for bio-
carbon production24. In recent years, biomass has been combined 
with a wide range of waste plastics and co-pyrolysed into biocarbon. 
This approach can be adopted as an effective method of disposal of 
non-recyclable plastic wastes to avoid landfill and incineration5. Apart 
from the carbon content, moisture and mineral proportion of biomass 
also influence its quality in terms of oxygen to carbon and hydrogen 
to carbon ratios along with residual ash. Biomass rich in lignin can 
produce biocarbon with high carbon content and dominant graphitic 
features7,29. Volatile content is another key biomass parameter, whereby 
high volatile content may result in low biocarbon yields.

Thermochemical conversion techniques
Biocarbon is produced by thermochemical processing (pyrolysis or 
carbonization) of biomass-based feedstocks, whereby the feedstock 
is heated to temperatures greater than 350 °C in the absence of oxy-
gen (or in limited oxygen). Thermochemical conversion lowers the 
oxygen and hydrogen content of biomass and consequently increases 
its elemental carbon, energy density and porosity. The feedstock and 
processing techniques determine the composition of biocarbon; for 
example, carbon content in biocarbon can range from 44% to 95%, 
oxygen content can range from 0% to 45% and hydrogen content from 
1% to 9%30. Processing conditions change the chemical structures, fixed 
carbon, volatile matter and ash content. In general, longer residence 
times and higher temperatures increase carbon and ash content, owing 
to the removal of oxygen and hydrogen. These conditions also increase 
fixed carbon while decreasing volatile matter.

Pyrolysis. Pyrolysis is classified as slow (<30 °C min−1), fast (30–
1,000 °C min−1) or flash (>1,000 °C min−1)4. A higher heating rate typi-
cally results in more liquid products and lower biocarbon production. 
For example, slow pyrolysis provides bio-oil yields of 20–40%, whereas 
flash pyrolysis provides bio-oil yields of 75–80%4. In terms of biocarbon 

Introduction
Pyrolysis is a thermochemical conversion of ligno-cellulosic biomass 
and other waste materials (at 350 °C and above) in the absence of oxy-
gen or in limited oxygen. The solid fractions of the pyrolytic process, 
biocarbon or biochar, are gaining increasing importance owing to 
their renewable nature, structural and morphological diversity, and 
physicochemical properties with similarity to conventional fossil 
resource-based carbon materials1. Increasing demand for sustainable 
materials with superior properties and climate change benefits trig-
gered the exploration of biocarbon for a diverse range of applications 
including materials, energy and environmental remediation, beyond 
their conventional uses as fuel and soil conditioner1–3. Biocarbon is 
produced through various thermochemical processes using different 
types of renewable and sustainable feedstock, such as biomass and 
plastic wastes4,5. Appropriate selection of renewable and/or sustain-
able feedstock and the thermochemical conversion process, influ-
ences the formation of various biocarbon materials including biochar, 
engineered biocarbons and biocarbon nanostructures6,7. Biocarbon 
has the potential to alleviate the challenges associated with fossil 
fuel-derived precursors such as high cost, limited and/or localized 
reserve and greenhouse gas emissions.

Biocarbon materials are being used in many novel applications, 
such as reinforcement in polymeric composites8, active electrode 
or conducting carbon in energy storage9,10, physisorption agent in 
hydrogen storage11, oxygen reduction reaction (ORR) catalyst in fuel 
cell technologies12, sensitizer and counter-electrode in dye-sensitized 
solar cells13, substrates to support microbial metabolism in H2 produc-
tion through anaerobic digestion14, adsorption medium in wastewater 
treatment15 and CO2 capture16. Increased use of biocarbon towards 
large-volume applications can contribute to the circular economy by 
enabling waste (agro, forestry, industrial or municipal) valorization, 
climate change mitigation and carbon sequestration17–20. However, one 
of the main challenges associated with biocarbon lies in achieving the 
desired physicochemical properties required for specific applications11. 
This can be addressed through careful selection of suitable precursors, 
implementation of appropriate pyrolysis processes and the applica-
tion of desired pre- and post-modification treatments21. Realization of 
the relationship between these factors is crucial to attain the desired 
characteristics of biocarbon. To improve the commercial viability of 
biocarbon, it is important to have a clear understanding of the various 
components of the supply chain, including biomass origin and types and 
availability; transportation, which deals with the delivery of biomass to 
pyrolysis facilities and the produced biocarbon to various end users; 
and the reproducibility of the desired properties of the biocarbons.

This Primer gives a brief overview of methods for the synthesis of 
biocarbon from diverse renewable and sustainable feedstocks, using 
various thermochemical processes. It summarizes the mechanisms 
involved in the transformation of biomass into biocarbon and discusses 
modification techniques to enhance biocarbon properties, suitable 
for specific applications. The Primer also discusses the structural, 
morphological and functional characteristics of biocarbon for various 
applications, focusing on materials (polymer composites), energy 
(storage and conversion) and environmental remediation (wastewater 
treatment and CO2 capture), as depicted in Fig. 1. With such diversity of 
applications, the benefits of biocarbon pertaining to sustainability and 
the circular economy are highlighted. The Primer also discusses chal-
lenges associated with biocarbon production and use, in terms of sup-
ply chain, reproducibility of material properties and the establishment 
of a global biocarbon database.



yield, slow pyrolysis produces ~30% (~400 °C) whereas fast pyrolysis 
produces 12–26% (~500–1,000 °C) biocarbon31. Hence, flash pyrolysis is  
generally not used for biocarbon production. High-temperature 
pyrolysis, which takes place at temperatures above 900 °C, produces 
biocarbon with a higher degree of graphitization, a higher fraction of 
fixed carbon (as opposed to volatile carbon) and lower hydrogen to 
carbon and oxygen to carbon ratios. However, higher processing tem-
peratures result in lower biocarbon yields, so the value of the product 
must be considered in the context of product yield and energy input.

Hydrothermal carbonization. Biocarbon can also be produced 
by hydrothermal carbonization (HTC), which is particularly useful 
for feedstocks with high water content, as this approach avoids the 
energy-intensive drying process that is typically required before pyroly-
sis. In HTC, high-moisture-content feedstock is heated under pressure 
to produce liquid and solid products. The process typically takes place 
in a closed system in sub-critical conditions and pressure is generated 
by the reaction products32. The solid products are easily recovered, 
whereas liquid products must be separated from the water. HTC is typi-
cally performed at ~180–350 °C (ref. 33). Similarly to pyrolysis, HTC at 
higher temperatures results in lower hydrogen to carbon and oxygen 
to carbon ratios in the product owing to dehydration, decarboxylation 
and condensation reactions that occur simultaneously32,33. The ele-
vated pressure and temperature alter the viscosity of water, enabling it 
to penetrate into the pores of the biomass to assist with degradation34. 
Heating rates and residence time affect product distribution: slower 

heating rate and longer residence times can improve the extent of 
carbonization35.

Other approaches. Other approaches that use alternative energy 
sources have also been investigated for biocarbon production, such 
as microwave pyrolysis, plasma pyrolysis, solar thermal and molten 
salt pyrolysis. Microwave pyrolysis can be advantageous as it allows 
efficient heating, which can lower residence times36. Biocarbon can also 
be produced using gasification; however, owing to the high selectivity 
towards gas phase products only low yields of biocarbon are produced. 
Catalytic pyrolysis is typically used to improve the quality of the liquid 
product, with biocarbon also produced in this process. Catalysts such 
as zeolite, alumina and magnesium oxides can be used37. In terms of 
reactor types, continuous reactors can be beneficial for large-scale 
biocarbon production and reactors such as moving bed, auger, rotat-
ing drum and conveyor have shown promise as an alternative to batch 
processes38. Figure 2 summarizes process steps, reactor types and 
reaction mechanisms involved in pyrolysis of biomass to produce 
biocarbon.

Mechanism of biomass conversion into biocarbon
Biomass mainly consists of three biopolymers — hemicellulose, cel-
lulose and lignin — which are primarily made with carbon, oxygen 
and hydrogen. In addition, biomass also contains nitrogen, sul-
fur and phosphorus, and other inorganic elements to a lesser extent. 
Hemicellulose, cellulose and lignin have varied decomposition 
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Fig. 1 | Biocarbon materials for composite, energy, environmental and other 
technological applications. Biomass feedstock can be classified into the following 
major groups based on origin: agro-forestry residues (biomass generated via 
various agricultural and forestry activities), industrial co-products (generated 
from various industrial operations), municipal clean wastes (food waste from 
restaurants, retail stores and home kitchens) and aquatic biomass. Plastic scrap 
can serve as a carbon source if mixed with biomass, referred to as sustainable 
feedstock. Processing techniques consider feedstock diversity, lowering energy 

demand and tailoring biocarbon properties. Products of biomass pyrolysis 
include syngas, bio-oil and biocarbon. The yield and quality of these products 
depend on factors that include biomass nature and pyrolysis conditions such 
as heating rate, pyrolysis temperature, residence time and sweep gas flow 
rate. Biocarbon engineering uses various modification techniques to enhance 
performance. Engineered biocarbons exhibit superior physiochemical, 
structural, morphological and functional properties compared with their 
unmodified counterparts.



mechanisms. Thermal decomposition of hemicellulose and cellulose 
starts at 200 °C and ~330 °C, respectively, whereas lignin decom-
position has a very broad range, starting at ~200 °C with maximum 
decomposition occurring at >400 °C, owing to its branched structure39. 
During the thermal degradation process, hemicellulose breaks down 
into anhydro sugars (anhydro xylopyranose), furan and pyran ring 
derivatives (2-methyl furan and 2-furaldehyde) and low-molecular-
weight compounds (CO, CO2, formic acid and acetic acid)40. Cellulose 
is first transformed into active cellulose, which has a lower degree of 
polymerization, but without evolution of any volatiles. Active cellu-
lose can be further decomposed by a set of competitive reactions: 
a slow reaction that produces biocarbon and permanent gases or the  
main reaction, which produces a tar that contains levoglucosan and 
other sugars. Lignin is mainly composed of aromatic rings and its 
decomposition happens over several stages, encompassing a wide tem-
perature range41. Thermal decomposition of lignin yields gases, liquids 
and solid aromatic biocarbon7. Primary pyrolysis yields pyrolytic lignin 
along with low-molecular-weight condensable species (for example, 
water, carbonyls and alcohols) and permanent gases41. Usually, the solid 
residue of biocarbon has an aromatic and polycyclic structure42. Reac-
tion pathways that favour char formation are predominated by intra-
molecular and intermolecular reorganization, which is also responsible 
for conferring thermal stability on biocarbon. Depolymerization breaks 
the bonds in lignin to make small-chain molecules and/or monomers. 
Also, secondary biocarbon formation is observed and is attributed to 
inter-pore recombination39,43,44. Solid biocarbon is formed through 
several chemical routes, including dehydration, decarboxylation, aro-
matization and intramolecular condensation. Based on the pyrolysis 

temperature, biomass can form turbostratic biocarbon (at lower and 
moderate temperature) and graphitic biocarbon (at higher tempera-
tures). These mechanisms are influenced by the inorganic content of 
the biomass39,45. The inorganic constituents have a key impact on the 
pyrolysis mechanisms either by fulfilling a catalytic role (nickel and 
iron) or by inhibiting certain reactions (silicon and phosphorus)46,47. 
Further studies are needed to understand the complex reaction influ-
enced by these inorganic components to establish efficient catalyst 
systems for the conversion of biomass into biocarbon with desired 
properties.

Influence of processing parameters and catalysts
Processing parameters, such as temperature, heating rate, residence 
time and catalysts can greatly influence biocarbon properties3. For 
example, a review of 72 independent studies reported low average 
hydrogen to carbon ratios for corn stover (0.25), switch grass (0.18) 
and wood (0.23), for biocarbon synthesized at higher pyrolysis tem-
peratures (>500 °C)48. At lower pyrolysis temperatures (<500 °C), 
these values increased to 0.60, 0.67 and 0.54, respectively48. The same 
review also reported that biocarbon surface area was 3.8 times higher 
at pyrolysis temperatures >500 °C, compared with that produced at 
lower temperatures. Beyond a certain temperature (varies between 
feedstocks), the surface area starts to decrease owing to pore collapse, 
pore blocking and fusion as carbonization proceeds4. There exists a 
logarithmic curve to fit the temperature–yield data, shown in Eq. 1 
for various types of biomass49. In the temperature range 200–300 °C, 
moisture and labile volatile matter are removed, resulting in a sharp 
decrease in biocarbon yield (~80% at 200 °C and ~36% at 300 °C).  
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Fig. 2 | Processing methods to produce biocarbon. Pre-processing improves 
feedstock uniformity and energy density (for example, through torrefaction). 
Energy can be supplied through combustion or alternative heating methods. 
Fixed bed reactors offer low cost and high biocarbon yield but have long 
residence times and challenges in upscaling. Fluidized bed reactors provide 
good mixing and can be scaled up but have high capital costs and feeding 
challenges31. Fluidized bed reactors may have higher liquid yield (and lower 
biocarbon yield) than rotary drum reactors. Ablative reactors have efficient 

heating and higher liquid yields, owing to fast progression of the heat front  
into the biomass. Rotating cone reactors also produce high liquid yields.  
Vacuum pyrolysis can operate at lower temperatures owing to lower apparent 
activation energy269. Biocarbon properties can be enhanced through post-
processing; activation with CO2 increases surface area, and functionalities 
can be added through KOH, H2O2 or thermal oxidation treatment. Biocarbon can 
be incorporated into composite materials or doped with catalytic metals for 
advanced applications.



Between 300 and 700 °C, a continuous decline in yield with tempera-
ture is observed, owing to further loss of volatiles. Higher tem peratures 
show less noteworthy changes in yield as many volatiles have already 
been removed. The structure of biocarbon also changes with tem-
perature: biocarbon produced at low temperatures is primarily com-
posed of amorphous carbon whereas higher temperature leads to 
more ordered carbon4. Studies have confirmed that temperature is 
the primary factor that contributes to the creation of ordered carbon 
structure4. High temperature (beyond 1,200 °C) is essential for the 
atomic level orientation or graphitization to occur during carboni-
zation and can be aided by salt-based activation techniques or metal 
catalysts50. Catalytic pyrolysis can help to reduce pyrolysis tempera-
ture and increase yield of graphitic biocarbon. The mechanism of 
carbon dissolution–graphite precipitation is mainly responsible for 
the graphitization of biomass51. High temperature also drastically 
lowers the number of surface functional groups, mainly aldehyde, 
ketones and hydroxyls. In biocarbon produced at lower temperatures, 
there is an abundance of hydroxyl and carboxyl groups, which are 
helpful in applications such as adsorption of cationic pollutants52. High 
heating rates will also result in lower yield of biocarbon4. Increasing 
residence time during carbonization generally shows similar trends 
to increasing temperature. For example, increased residence time 
results in lower yield and higher carbon content, aromaticity, pH and 
porosity49,53.

∘Yield (%) = −36.25 ln(temperature ( C)) + 264.17 (1)

(ref. 50).

Modification techniques for biocarbon
Biocarbon modification has become a useful strategy for tuning struc-
tural, surface and porosity and functional properties for desired mate-
rials, energy and environmental applications. There is a wide range of 
modification techniques for biocarbon materials, for example, activa-
tion, exfoliation, heteroatom doping, oxidative acid treatment, surface 
modification, composite fabrication and hetero or hybrid structure 
formation. Detailed information regarding the modification techniques 
of biocarbon is available in Supplementary information.

Activation. Activation, a technique to increase porosity and surface 
area, can be categorized as physical (using CO2, steam, air or ozone), 
chemical (using KOH, NaOH, K2CO3, ZnCl2 or H3PO4) and radiation based 
(using microwave, plasma or γ-irradiation)54–57. Chemical activation 
is widely explored for the biocarbon materials. For example, rubber 
wood sawdust biocarbon can be activated with KOH through second-
ary pyrolysis at 800 °C, to increase the surface area58. Additionally, the 
micro and meso pore volumes of biocarbon increase with higher KOH 
concentrations, from 0.10 and 0.02 cm3 g−1 to 1.27 and 0.30 cm3 g−1, 
respectively. The choice of activation agent also impacts biocarbon 
yield, with KOH activation yielding more biocarbon than H2SO4, H3PO4, 
HNO3, K2CO3 or NaOH for coconut husk carbon55.

Exfoliation. Exfoliation (separation of the graphitic layers) of biocarbon 
is achieved through methods such as mechanical, chemical, microwave, 
ultrasound and liquid-phase exfoliation59–64 and enhances specific 
surface area, porosity and surface functional groups65. In addition to 
traditional mechanical and chemical methods, ultrasound-based exfo-
liation (20 kHz) reveals the layered structure of biocarbon to increase 
porosity and permeability66, whereas microwave-assisted exfoliation 

exposes basal and edge planes61. The molten salt-assisted process is 
another option for biocarbon exfoliation67. Similar to conventional 
graphene, exfoliated biocarbons have the potential to immobilize 
various active components68.

Heteroatom doping. Heteroatom doping in biocarbon improves 
electron transfer efficiency, creates different structural diversities 
and boosts surface functionality69. This process introduces structural 
defects, increasing surface active sites and functionality in biocarbon, 
thereby enhancing its performance in applications such as electro-
chemical energy storage and conversion, catalysis, environmental 
remediation and CO2 adsorption. Self-doping70 involves using nitrogen, 
phosphorus and/or sulfur-rich biomass as feedstock, whereas external 
doping71,72 incorporates targeted elementally rich precursors.

Oxidative acid treatment. Oxidative acid treatment of biocarbon 
can create surface functionality. Nitric and sulfuric acids can be 
used to introduce nitro and carboxylic functional groups73, thereby 
increasing oxygen content and reducing thermal stability. In the pres-
ence of surface functional groups, post-acid treatment can be used 
to develop polymeric composites with strong interfacial bonding 
between biocarbon and plastic resin. For example, HNO3 acid treat-
ment enhances hydrophilicity, pore structure and surface function-
alities in nickel–biocarbon74, and combined H2SO4–H2O2 treatment 
can be used to increase the oxygen-containing functional groups in 
macro-algae-derived biocarbon75.

Surface modification. Simple chemical reactions can be used to 
functionalize biocarbon, by incorporating, inorganic, organic, bio-
logical and polymeric entities76. Furthermore, pyrolysis conditions 
can be tailored to achieve desired surface mechanical properties 
in biocarbon. For example, high treatment temperatures (around 
900 °C) with a 1 h retention time yield biocarbon with elevated hard-
ness (4.3 GPa) and modulus (25 GPa)77. In addition, alkali modifica-
tions (KOH and NH4OH) decrease pore volume and specific surface 
area78. Phosphate and chloride salts alter the surface topography and 
chemistry of biocarbon76. Organic modifications using polymers, 
organic acids and vitamins create desired surface functional groups 
and modify surface charge. For example, both chitosan79 and citric 
acid80 modification enhance the oxygen to carbon ratio but reduce 
the specific surface area of biocarbon. Modifications with vitamins 
such as vitamin B6 (ref. 81) and vitamin C (ref. 82) can decrease surface 
area but enhance aromaticity.

Composite fabrication and hetero or hybrid structure formation. 
Integration of biocarbon with materials such as metals83, metal alloys84, 
metal oxides85, chalcogenides86, hydroxides87, carbon nanostructures88, 
metal carbides89 and polymers90 can enhance its physicochemical 
properties. Biocarbon loaded with silver and silver–copper bimetal-
lic nanoparticles can effectively prevent nanoparticle agglomera-
tion, demonstrating retention of excellent antimicrobial activity83,91. 
Fabrication of metal oxide-based biocarbon composites can cre-
ate surface active sites with magnetic, photo-catalytic and electro-
chemical properties92,93. For example, introducing metal hydroxide 
into bio carbon enhances pseudo-type electrochemical active sites94. 
Using biocarbon as a host for metal hydroxides results in a porous archi-
tecture, providing a more active surface area. Fabrication of biocarbon–
conducting polymer composites facilitates efficient electron transfer 
through a complex structure, improving the performance95–97.



Safety considerations
Biocarbon production and handling poses risks, owing to the release of 
fine particles, especially during fine milling (<10 µm particle size)98,99. 
Although biocarbon particles generally have a larger particle size distri-
bution of biocarbon than other carbon materials, safety protocols must 
be standardized for processing, transportation and manufacturing. 
Respiratory protective equipment is advised to minimize exposure 
risks. Combustion and explosion hazards are also associated with 
biocarbon dust, especially in enclosed spaces. Particle size reduction 
increases ignition and combustion rates, potentially leading to flash 
fires or dust explosions — dust particles <500 µm in size may exhibit 
explosive characteristics100. The settling time of particles varies, ranging 
from a few seconds for particles approximately 100 µm in size to several 
hours for particles around 1 µm (ref. 101). Increasing biocarbon density 
through pelleting and briquetting is recommended to reduce material 
breakdown and dust formation. Self-heating and self-ignition risks are  
also associated with biocarbon transport and storage. These risks  
are higher for biocarbon produced at low temperatures (350–500 °C), 
owing to the greater amount of volatiles and free radicals on the biocar-
bon surface102 so need to be sufficiently moist during transportation. 
Hazards are reduced for biocarbon produced at higher temperatures 
(>500–600 °C), owing to their aromaticity and lower volatile content103. 
Free radicals in biocarbon may contribute to self-heating102. The impact 
of inorganic elements and biocarbon ageing on flammability risk needs 
further understanding. Adjusting biochar moisture content to 20–50% 
can potentially reduce the flammability risk of biocarbon104. Similar 
recommendations are given by the European Biochar Certificate (EBC).

Results
Biocarbon characterization
Characterization of biocarbon is crucial, owing to variations in feed-
stock and pyrolysis techniques. Proximate analysis quantifies moisture, 
volatile matter, fixed carbon and inorganic mineral ash105. Elemental 
composition (carbon, hydrogen, nitrogen and oxygen) of biocarbon is 
determined by an elemental analyser, with sulfur predominantly found 
in the mineral ash portion106. The volatile matter, mineral ash and mois-
ture content can also be determined using thermogravimetry107. Other 
methods to assess the elemental composition of biocarbon materials 
include X-ray photoelectron spectroscopy108, inductively coupled 
plasma mass spectrometry (ICP-MS or ICP-AES)109 and scanning elec-
tron microscopy (SEM)–energy dispersive X-ray spectroscopy106. There  
are standardized methods used to determine biocarbon moisture  
content — ASTM D (4442-92) and mineral ash content — ASTM D (1755-95).  
A widely used method to assess the specific surface area, porosity 
and pore volume of biocarbon is the Brunauer–Emmett–Teller (BET) 
method, which uses the surface adsorption of N2 (at low temperatures) 
or CO2 (at relatively higher temperatures). N2-assisted BET tends to yield 
lower surface area values than CO2, which is attributed to limitations 
related to the kinetics of N2 diffusion into micropores, owing to the 
effective diameter53. Biocarbon particle density, usually determined 
by pycnometer, typically ranges between 1.5 and 2 g cm−3 (ref. 110). 
Particle size distribution of biocarbon can be easily determined using 
stacked sieves with different opening sizes111. Alternative methods 
to analyse biocarbon size include laser diffraction, investigating the 
intensity variation of scattered laser beam112, electron microscopy 
or using software such as ImageJ to analyse photographic images113.

The morphology and topography of biocarbon can be visualized 
using SEM114. SEM coupled with energy dispersive spectroscopy can 
also reveal the elemental composition of biocarbon. Transmission 

electron microscopy (TEM) and aberration-corrected TEM are used 
to analyse nanoscale features of biocarbon, for example, the arrange-
ment of carbon atoms, and thermogravimetric analysis can be used 
to determine the thermal decomposition profile of biocarbon115. 
Phase purity and crystallinity of biocarbon can be revealed by X-ray 
diffraction. Fourier transform infrared spectroscopy can be used to 
analyse chemical make-up of biocarbons116, and Raman spectroscopy 
can determine the in-plane crystallite size distribution117. Solid-state 
NMR spectroscopy can be used to evaluate the presence of aromatic 
and aliphatic hydrocarbons in biocarbon118, chemical structure, 
long-term stability and the mechanism involved in biocarbon forma-
tion. Nanoindentation measures the hardness of biocarbons as the 
ratio of maximum load to contact area (Box 1). Cone calorimeter tests 
of biocarbon provide information on its reaction-to-fire properties. 
Electrical conductivity is assessed through alternating current (AC) 
or direct current (DC) methods.

Techno-economic and life-cycle assessment
The feasibility of biocarbon use on a large scale hinges not only on its 
technical performance but also on the economic viability and envi-
ronmental impact of production projects. Techno-economic assess-
ment (TEA) and life-cycle assessment (LCA) are crucial to identify 
cost-effective and environmentally sustainable methods119,120 and may 
include various stages of the biocarbon life cycle, as presented in Fig. 3. 
TEA evaluates costs, risks and uncertainties throughout the production 
and application system121, considering parameters such as feedstock 
production and transportation costs, facility expenses and project rev-
enues across various stages of the production chain. Sensitivity and risk 
analyses can identify the parameters that impact the economic viability 
of a project. The minimum selling price, crucial for commercial-scale 
biocarbon applications, denotes the selling price required to attain a 
net present value of zero within a specific project (economic feasibility). 
The minimum selling price of biocarbon varies widely — US$200–2,000 
per ton122–124 and as high as approximately $18,000 per ton for virgin 
wood feedstock biochar125 — based on specific characteristics and pro-
duction process conditions. This price variability may be explained 
by the wide biocarbon quality ranges, which is related to physical and 
chemical characteristics, and the multiplicity of potential uses. Despite 
challenges in direct comparison with fossil-based equivalent materials, 
studies reveal competitive biocarbon production costs, particularly 
when integrated with other processes such as bioenergy or biofuel 
production126,127. A comprehensive biorefinery approach, to generate 
valuable products from bio-oils and syngas to maximize the economic 
and environmental benefits of biomass and waste conversion, may be 
a promising strategy for a more sustainable and efficient bio-based 
economy128. Carbon removal certificates or carbon credits may further 
enhance the economic feasibility of biocarbon initiatives123.

LCA is essential for informed decision-making in the development 
of sustainable production strategies of biocarbon and biorefinery 
projects, adhering to ISO 14040 and ISO 14044 standards. The global 
warming impact, expressed in CO2eq, is the typical metric for com-
paring processes or products. The potential of biocarbon to reduce 
greenhouse gas emissions is a widely acknowledged benefit129–132. 
LCA results are influenced by biocarbon production conditions such 
as pyrolysis temperature and residence time121 as well as by feedstock 
supply considerations related to land use, fertilizer application and 
transport emissions130. Utilizing residual biomass and waste in a circu-
lar economy approach may represent a sustainable and cost-efficient 
resource for biocarbon production. TEA and LCA are valuable tools 
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for research and engineering communities to identify and prioritize 
pathways for process development and optimization, for investors to 
assess project revenues and profitability indicators and for policymak-
ers to identify incentives and regulations to support the development 
of emerging technologies.

Applications
Polymer composites
Researchers have explored the development of biocarbon-added com-
posites using different polymeric resins for various applications133–135. 
However, the specific characteristics of biocarbon that are crucial for 
performance properties in a given composite remain unclear.

The hardness and stiffness of biocarbon can be determined 
through techniques such as nanoindentation136, Vickers hardness 
test and atomic force microscopy. Usually, both hardness and stiff-
ness of biocarbon increase with pyrolysis temperature up to 1,000 °C 
(refs. 137,138), owing to the development of a crosslinked structure 
with strong intermolecular forces and C–C covalent bonds. Beyond 
this temperature, a decline in hardness and stiffness occurs, owing to 
crosslink bond breakages and basal plane slippage (during indenta-
tion) of graphitic carbons139,140. To achieve high hardness and stiffness 
in biocarbon-added composites, a pyrolysis temperature range of 
700–1,000 °C is recommended. For example, biocarbon from pine 
wood pyrolysed at 900 °C increased Young’s modulus in polypropylene 
composites, compared with biocarbon pyrolysed at 350 °C (ref. 141).

Similar effects are observed in biocarbon composites with ther-
mosetting plastics142 and elastomers as the matrix143 when pyrolysed at 
800 °C, indicating the potential to enhance the stiffness in biocarbon 
composites around this temperature.

The porosity and surface area of biocarbon are influenced by 
pyrolysis temperature, with pores developing between 300 °C and 

~400–600 °C. BET surface adsorption of N2 and CO2 can be used to 
determine biocarbon porosity144. Biocarbon typically has three pore 
types — macropores (0.05–1,000 µm), mesopores (0.002–0.05 µm) 
and micropores (0.0001–0.05 µm). Polymer–biocarbon interac-
tion depends on pore volume; polymer flow through the macro and 
mesopores of biocarbon during processing creates mechanical inter-
locking, reduces polymeric chain mobility and increases stiffness. For 
example, when added to high-density polyethylene composites145, 
rice husk-derived biocarbon (pyrolysed at 600 °C) showed increased 
surface area and pore volume compared with the untreated biocar-
bon, enhancing flexural strength and modulus. Activation improved 
polymer flow through the porous structure of activated biocarbon, 
compared with the non-activated biocarbon145. The type of feedstock 
also influences porosity: wood apple fruit shell biocarbon (pyro-
lysed at 800 °C) had higher macro porosity than pigeon pea-derived 
biocarbon142. Furthermore, the porosity of palm kernel shell-derived 
biocarbon enhanced the physical interaction with carboxylated nitrile 
butadiene rubber, increasing hardness in the rubber composites146. 
In general, the porous nature of biocarbon can facilitate greater 
interaction with polymeric resins.

The surface functionality of biocarbon, attributed to chemical 
functional groups, diminishes at higher pyrolysis temperatures (500–
750 °C) when these groups are removed144,147. Infrared spectroscopy 
is used to analyse surface functionality; surface functionality and 
porosity of biocarbon have an inverse relationship whereby surface 
functionality decreases and porosity increases at high pyrolysis tem-
perature. Low-temperature biocarbon (<400–500 °C) with aldehyde, 
hydroxyl and ketone-based functional groups interacts well with 
polar resins, whereas high-temperature biocarbon (>500 °C) has 
better interaction with non-polar resins, owing to reduced surface 
functionality. In the latter case, the interaction is porosity dependent. 

Box 1

Determining the inherent mechanical properties of biocarbon
The typically small and irregular size of biocarbon makes it difficult 
for conventional techniques to determine its innate mechanical 
properties. Alternative methods such as Vickers hardness test, 
nanoindentation and atomic force microscopy are used to discern 
these properties. All hardness tests measure pressure as force over 
area, requiring sample thickness to be at least five times that of the 
indenter penetration depth.

Vickers hardness test
The Vickers hardness test is suitable for biocarbon particulates in the 
micrometre range. Biocarbon particulates are embedded in epoxy 
resin, cured, ground and polished before undergoing the Vickers 
hardness test. A known load is applied through a pyramidal diamond 
indenter and the resulting indent surface area is measured to obtain 
the hardness value (HV) according to the formulae:

HV F
d

1.85
2= , when HV is in kgf mm−2 and =HV F

d
0.189

2 , when HV is 
in MPa.

Where F = force applied and d = average diagonal length of the 
indenter’s impression on the tested sample (mm).

Nanoindentation
For biocarbon particulates in the higher Ångstrom, nanometre and 
sub-micrometre range, the nanoindentation test can be used282. 
In comparison to the Vickers test, nanoindentation uses a much 
lower load and smaller indenter (Berkovich). The indenter tip is 
applied with a set maximum load and/or displacement, followed by 
reducing the load to zero. Mechanical properties such as hardness 
and modulus are determined using the Oliver and Pharr method for 
nanoindentation283. Nanoindentation is often paired with scanning 
probe microscopy to image the indentation effect.

Atomic force microscopy
For biocarbon particulates in the Ångstrom range, an atomic 
force microscope can be modified by attaching a three-sided 
pyramidal diamond indenter. Similar to other hardness tests, 
nano-hardness is determined by dividing the applied load by the 
residual area on the sample284. This test is particularly useful for 
ultra-small biocarbon particulates and polymer thin films that 
contain biocarbon.



At low pyrolysis temperature, some volatiles may remain clogged in 
the pores (see Supplementary information) and aid the ignition of 
biocarbons148,149. For fire safety, highly carbonized biocarbon with no 
surface functionality and strong C–C covalent bonding is preferred. 
This thermal stability enables the use of biocarbons with engineering 
plastics at high processing temperatures, unlike plastics that have 
ligno-cellulosic natural fibre counterparts, which start decomposing 
at 200 °C.

Biocarbon particle size impacts dispersion and wetting. Size can 
be controlled using milling, grinding and sieving and size distribution 
can be determined by the laser diffraction method. Numerous studies 
have been conducted to determine the effect of biocarbon particle 
size on polymeric composites150–152. Generally, reducing particle size 
by milling eliminates micropores, increases the specific surface area 
and heat deflection temperature, strengthening the composite (both 
tensile and flexural)153. For example, smaller particle size (20–75 µm) 
improved tensile and flexural strength of thermoplastic composites 
compared with larger particles (~150–300 µm)151. For epoxy compos-
ites, a particle size of 80 µm increased the tensile, flexural and impact 
strength compared with the neat epoxy and the composites with-
out any biocarbon154. Biocarbon particles with a size below 10 µm, 
co-milled with nano-silica, enhanced mechanical properties in carbon 
black-replaced styrene butadiene rubber composites155.

Biocarbon loading amount in composites is important, because 
above a certain point, particle agglomeration occurs, which is det-
rimental to mechanical properties. Optimal amounts of biocarbon 
vary by material type: 20–25 wt% for thermoplastic composites141,156,157, 
<10 wt% for thermosetting plastics142,154,158 and 25–50% (of the filler) for 
elastomer composites159–161. In additive manufacturing, a very low load-
ing amount of 1 wt% is optimal, regardless of the resin used (see Sup-
plementary information)162–164. Increased biocarbon loading results 
in a more viscous polymer mixture, necessitating higher processing 
temperatures. For toughened polypropylene with an elastomeric phase 
(for example, poly(octane ethylene) copolymer), appropriate loading 
and compatibilizer enhance the interfacial interaction of biocarbon 
with the resin (Fig. 4). This occurs by reducing the extent of encapsula-
tion of the biocarbon particles by the copolymer165,166. Homogeneous 
mixtures of biocarbon in thermosetting plastics can be obtained by 
extensive mixing to eliminate void formation (Fig. 5).

Despite the advantages in polymeric composites, biocarbon 
is not a universal solution for all the materials research challenges. 
Typically derived from waste biomass or plastic scraps, the small 
(micrometre-scale) and irregular particle size limit the ability of bio-
carbon to replace high-aspect-ratio fibre (both natural and synthetic) 
in polymeric composites. Biocarbon can only replace or supplement 
particulate reinforcements (for example, talc and carbon black) 
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Fig. 3 | Techno-economic and environmental assessment approaches 
for biocarbon evaluation. The biocarbon life cycle includes all stages from 
feedstock extraction or collection to use and disposal. Techno-economic 
assessment (TEA) and environmental assessment of biocarbon can include all 
or selected stages of biocarbon life270: the cradle-to-grave approach is used in a 
typical life-cycle assessment (LCA) approach. Stakeholder objectives may dictate 
other system boundaries such as cradle-to-gate, gate-to-grave or cradle-to-
cradle. For biocarbon engineering, a cradle-to-gate approach can help to identify 

sustainable feedstocks and conversion processes. Gate-to-grave assesses 
environmental performance of different biocarbon and disposal alternatives. 
Cradle-to-cradle interrogates biocarbon in a circular economy. TEAs typically 
use cradle-to-gate boundaries, considering feedstock production transportation 
costs, facility costs and project revenues, to ensure economic viability on a 
commercial scale271. Production conditions, such as pyrolysis temperature 
and residence time, feedstock composition and biocarbon physicochemical 
properties impact the TEA of biocarbon.



and short fibres (for example, short glass fibres). Studies replacing talc 
(30 wt%) with biocarbon in polypropylene-based composites showed 
improved flexural strength and similar tensile strength, with reduced 
environmental impacts, compared with the control sample167,168. Add-
ing biocarbons to E-glass fibres in a vinyl ester resin-based composite 
enhanced the tensile and flexural strength169. Careful consideration 
of the type and constituents of contemporary polymeric composite 

is essential to optimize biocarbon use for enhanced performance 
properties and sustainability.

Energy storage
Growing energy demands have driven the development of a wide 
range of energy storage and conversion technologies, which seek 
high performance, cost effectiveness and sustainable materials170. 
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Fig. 4 | An overview of the various types of interaction of biocarbon in 
polymeric composites. a, Physical interaction of biocarbon in composites: 
high-temperature biocarbon (500–900 °C), with its porous structure 
facilitates a mechanical interlock with molten or softened polymer that 
flows through the honeycomb structure136. This interaction, predominant in 
polymeric resins, including thermoplastics and thermosets272–274, increases the 
modulus and flexural strength of the resulting composites275. b, Biocarbon in 
polyamide-based composites: biocarbon produced at low temperatures with 
specific functional groups is more effective at interacting with polyamide- 
or nylon-based composites. Hence, high-temperature biocarbon may 
exhibit inferior interfacial adhesion for nylon composites152. c, Biocarbon 

in elastomeric composites: smaller particle size can improve biocarbon 
properties, such as tensile strength, in elastomeric composites155. The greater 
surface-area-to-volume ratio (compared with bigger counterparts) can 
enhance interaction with the elastomeric matrix, resulting in high crosslink 
density and tensile strength. d, Biocarbon in toughened polypropylene 
composites: in toughened polypropylene composites that contain 
biocarbon, the elastomeric phase encapsulates the biocarbon particulates 
and hinders the interaction with the polypropylene matrix. However, the 
use of a compatibilizer, such as maleic anhydride grafter polypropylene, can 
alleviate this issue, enabling direct interaction between biocarbon and the 
polypropylene matrix165,166.



Carbon allotropes, produced from various fossil feedstocks, are the 
most versatile for various energy storage and conversion technologies. 
Biomass enables the formation of various carbon structures such as 
carbon dots, carbon nanotubes, carbon nanofibres, graphene struc-
tures, graphitic carbons, activated carbon and turbostratic carbon 
structures, which are useful for diverse energy storage and conver-
sion applications12,13,171,172. Biocarbons have unique physicochemical 
properties such as hierarchical porous structure, surface functionality 
and electrical conductivity, which are essential for efficient energy 
storage and conversion.

Hydrogen storage. Hydrogen is widely used in transportation and 
electricity production173, with an increased focus on green-hydrogen 
production (through electrolysis, photosplitting and thermolysis of 
water), storage and transportation174. Hydrogen storage in biocarbon at 
room temperature is facilitated by the high specific surface area, high 
oxygen content and acidic surface groups. Hydrogen storage mecha-
nisms involve physisorption (adsorption of hydrogen molecules at 
the surface of the material) and chemisorption (the hydrogen is stored 
by means of chemical reaction). Physisorption utilizes van der Waals 
force to capture hydrogen and can be achieved in pristine biocarbon 
without surface modification175. Chemisorption involves stronger 

bonds (covalent) and interaction with the carbon atoms at the surface. 
Chemisorption is generated by surface modification through doping 
with chemicals such as alkali hydroxides, alkali carbonates, metals and 
hydrides. Biocarbons from renewable resources such as wood chips176, 
poplar sawdust177, almond shell178 and coffee waste179 have been used 
for hydrogen storage.

Batteries. Biocarbons, with their inherent properties of hierarchical 
3D pore structure, high specific surface area and larger pore volume, 
offer desirable features for battery electrode materials by minimizing 
diffusion pathways and ion transport resistance. Lithium-ion batter-
ies, favoured for their high energy density, use carbon (graphite), 
lithium metal, metal alloys and transition metal oxides as the anode 
against transition metal-based intercalating components as cath-
ode (LiCO2, LiMn2O4, LiFePO4) to achieve balanced specific energy 
and power density10. Despite the superior energy storage of lithium 
metal, its high reactivity limits the overall lifespan180, prompting 
research into carbon allotropes as the anode material for lithium-ion 
batteries181. Biocarbons from sources such as coir pith182, cashew 
nut sheath183 and cotton stalk184 serve as sustainable alternatives to 
conventional graphite171. The development of sodium-ion batteries 
to replace lithium-ion batteries has generated scientific interest, 
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Fig. 5 | A schematic overview of composite applications of biocarbon. 
Key properties of biocarbon crucial for composite applications include 
hardness and stiffness, porosity, surface functionality, particle size and 
loading amount. Hardness and stiffness of biocarbon, determined through 
nanoindentation, increases up to around 1,000 °C, reinforcing polymeric 
composites. Porosity and surface area increase up to 800–900 °C and are 
analysed using techniques such as Brunauer–Emmett–Teller (BET) for surface 
adsorption of N2 and CO2. Surface functionality from chemical functional 
groups, analysed using techniques such as Fourier transform infrared 
spectroscopy (FT-IR), is higher at lower pyrolysis temperatures (<500 °C), 
at which polar polymers have a better interfacial interaction with polar 
functional groups. Non-polar polymers favour high-temperature biocarbon 

through a porosity-driven mechanism. Smaller particle size, controlled by 
milling and sieving, can improve composite strength. Particle size distribution 
can be determined by techniques such as laser diffraction and ImageJ analysis. 
Biocarbon-added composites, processed through conventional techniques, 
yield marketable products with applications such as hardware cases, pipes, 
insulation panels, packaging and films. Engineering biocarbon for specific 
applications involves pyrolysation in specialized reactors, controlling size and 
adopting effective hybridization strategies. The application of biocarbon in 
composites contributes to waste reduction, material circularity and functional 
properties such as conductivity, fire safety (see Supplementary Fig. 1) and 
electromagnetic shielding.



owing to the abundance of sodium and its comparable electrochemi-
cal behaviour to lithium185. Engineered carbon materials with larger 
interlayer spacing have been explored as anodes to accommodate 
Na+ ion intercalation (insertion and de-insertion) in sodium-ion 
batteries186.

Metal–air batteries, including zinc–air, lithium–air, aluminium–air 
and magnesium–air, show high energy density, making them suitable 
for many applications187. Both oxygen reduction and evolution reac-
tions are the key factors in metal–air battery systems. The efficiency 
of these batteries relies on the catalytic performance of electrodes. 
Biocarbon derived from peanut shells188, mushroom189, exfoliated 
biochar190 and loofah191 have been widely used as electrode materials, 
owing to their effective ORR performance192. Notably, biocarbons 
with rich nitrogen content have superior performance in metal–air 
batteries193.

Supercapacitors. Supercapacitors, renowned for high-power density, 
fast charging, thermal stability and larger cycling performance, can 
be classified as electrical double layer capacitors (EDLCs), pseudo-
capacitors and hybrid capacitors9. Biocarbon with higher electrical 
conductivity, surface functionality and microporous structure exhibits 
superior capacitive performance, which can be further improved by 
post modification54,194. Biocarbon materials derived from a range of 
biomass such as switch grass195, lignin196, distiller’s dried grains with 
solubles (DDGS)71, fungal biomass197 and seaweed198, show potential 
as electrode materials for supercapacitors. Biocarbons have also 
been explored as the active electrode material for zinc-, lithium- and 
sodium-ion capacitors199–201. Table 1 shows the impact of various modi-
fication techniques on the biocarbons derived from lignin for energy 
storage applications. Graphitized biocarbons, produced through 
high-temperature catalytic pyrolysis, exhibit electrical conductivity 
comparable to that of commercial conducting carbon202–204. The syn-
thesis mechanism for graphitic biocarbon through catalytic pyrolysis 
is illustrated in Fig. 6.

Energy conversion
Fuel cells. Conductive biocarbons sourced from renewable resources 
have been successfully used in fuel cells as sustainable alternatives to 
conventional materials205,206. In proton exchange membrane fuel cells 
(PEMFCs), biocarbon, doped with nitrogen, sulfur and phosphorus, 
serves as a cathodic ORR catalyst, replacing platinum and its alloys. 
Metal–nitrogen–carbon materials, as a substitute for noble metals, 
are another class of catalyst for ORR207,208. In direct carbon fuel cells 
(DCFCs), the disordered lattice structure, poor crystallinity, surface 
defects, functional groups and electrical conductivity of biocarbon 
enhance its reactivity with molten carbonate electrolytes compared 
with conventional carbon materials172. A balance between poor lattice 
structure and electrical conductivity can improve the performance 
of DCFCs. In microbial fuel cells (MFCs)12 biocarbons effectively act 
as the cathodic catalyst, owing to their excellent ORR activity and 
potential substitution for granular activated carbon. MFCs offer 
dual benefits of energy generation and wastewater treatment with 
economic advantages12.

Solar energy conversion. The limitations of first- and second- 
generation solar cells, such as manufacturing costs and limited avail-
ability of rare elements, prompted the development of third-generation 
solar cells209. In dye-sensitized solar cells, various carbon materials, 
including biocarbons, have been explored as sustainable alternatives 
to conventional metal-based components such as sensitizers, photo-
anodes and counter-electrodes13. Biocarbons, in their pristine and 
composite forms, have been extensively used as sensitizers210, additives 
for photoanodes211 and counter-electrodes212. They have a vital role in 
enhancing cell characteristics, providing environmental and economic 
benefits compared with conventional materials213.

Hydrogen production. Conventional hydrogen production is 
unsustainable and energy consuming, leading to a growing focus 
on bio-hydrogen production. Carbon materials from various types 

Table 1 | Capacitive performances of lignin-derived biocarbon materials with structural and morphological diversity

Structural and morphological feature Synthetic conditions Specific surface 
area (m2 g–1)

Electrolyte Specific capacity Ref.

Activated carbon KOH-mediated microwave activation 
(800 W, 30 min)

3,065 6 M KOH 325 F g−1 @ 0.5 A g−1 
(3 electrode)

260

Activated electrospun carbon fibres H3PO4 activation (900 °C) 2,340 1 M H2SO4 48 F g−1 @ 2 A g−1 
(2 electrode)

261

Carbon nanofibre mats with MnO2 
nanowhiskers

MnO2 deposition over electrospun carbon 
fibres (1,200 °C)

583 1.0 M LiPF6 83 F g−1 (2 electrode) 262

Nitrogen‐doped porous carbon Hydrothermal carbonization–KOH activation, 
adenine nitrogen source (850 °C)

2,957 1 M KOH 372 F g−1 @ 1 A g−1 
(3 electrode)

263

Nitrogen–sulfur-doped porous carbon Lignin amine and Fe3O4 template (700 °C) 1,199 6 M KOH 241 F g−1 @ 1 A g−1 
(3 electrode)

264

3D interconnected porous structures Green bacterial activation (900 °C) 1,831 6 M KOH 428 F g−1 @ 1 A g−1 
(3 electrode)

265

NiO nanoparticles in mesoporous 
carbons

Wet chemical synthesis with Ni(NO3)2·6H2O 
(600 °C)

802 6 M KOH 880 F g−1 @ 1 A g−1 
(3 electrode)

266

Hierarchical porous carbon aerogels Sol-gel, ambient drying followed by pyrolysis 
at 1,050 °C then KOH activation (800 °C)

779 6 M KOH 143 F g−1 @ 0.5 A g−1 
(3 electrode)

267

Carbon nanospheres Self-assembly, stabilization treatment 736 6 M KOH 147 F g−1 @ 0.5 A g−1 
(3 electrode)

268



of biomass, with their porosity, high specific surface area and elec-
trical conductivity, serve as precursors to enhance bio-hydrogen 
production214. Bio-hydrogen can be produced from biocarbons by 
methane steam reforming, water splitting and anaerobic digestion215. 
Biocarbon has an important role in electron transmission during the 
hydrogen fermentation process; improving extracellular electron 
transfer promotes fermentation for hydrogen production216. Nitrogen 
doping in biocarbons increases electrical conductivity and promotes 
fermentation for higher hydrogen yield214. The pyrolysis temperature 
of biocarbon influences the concentration of dissolved organic matter 
in the fermentation reactor, impacting H2 accumulation217.

Environmental remediation
Wastewater treatment. Biocarbon proves effective in wastewater 
treatment by removing pollutants that have been addressed histori-
cally, such as organics, dyes, metals and nutrients, as well as emerging 

pollutants such as pharmaceuticals. Various post-pyrolysis modifica-
tions are used, such as chemical or physical activation to enhance the 
specific surface area, acid treatment (for example, HNO3 or H2SO4) to 
increase the hydrophilic nature, alkali treatment (for example, NaOH) 
to enhance adsorption capacity and metal or heteroatom doping, 
which further improves metal ion removal218. Biocarbon effectively 
removes heavy metals such as As3+, Cr3+, Cr6+, Cd2+, Cu2+ Zn2+ and Pb2+ 
(ref. 36), via various reaction mechanisms including ion exchange219 
with inorganic components within the biocarbon. Mechanisms are 
influenced by properties such as aromatic functional groups, surface 
charge, pH and stability220.

Biocarbon exhibits effective wastewater treatment by adsorbing 
organic pollutants such as phenol, dyes (malachite green, methylene 
blue, crystal violet, Congo red and orange G)219 and pharmaceuticals 
(tetracyline, sulfamethoxazole, diclofenac and ofloxacin)221. Reaction 
mechanisms for pharmaceutical removal vary, including electrostatic, 
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high-resolution transmission electron microscopy (HR-TEM) images of graphitic 
biocarbon pyrolysed at 1,000 or 1,800 °C (ref. 51). Such catalytic pyrolysis 
can be used to produce biographene from various sustainable and renewable 
resources276. Part a adapted with permission from ref. 202, Royal Society of 
Chemistry. Part b adapted with permission from ref. 51, Wiley.



hydrophobic, π–π interactions, hydrogen bonding, functional group 
complexation, pore filling and ion exchange221 as shown in Fig. 7. It is 
important to match the chemical properties of the biocarbon surface 
to the electrostatic properties of the targeted contaminant. Biocarbon 
application in wastewater treatment can also enhance flocculation, 
dewatering, adsorption and oxidation2.

Biocarbon has been used for the removal of microplastics from 
water, with adsorption of both pristine and aged polyamide micro-
plastics recently demonstrated222. Attributed to complexation, hydro-
phobic interaction and electrostatic interaction, removal efficiencies 
of 97% were achieved for aged polyamide microplastics under opti-
mal neutral pH conditions. Notably, smaller particle size enhanced 
removal efficiency, highlighting the importance of the biocarbon 
pore structure. Biocarbon used in oil spill clean-up has been shown to 
outperform activated carbon in kinetics and sorption capacity223,224. In 
oil spill clean-up, biocarbon undergoes functionalization to enhance 
hydrophobicity225,226, which improves adsorption and minimizes water 
uptake in pores, leaving greater surface area for organic compound 
removal227. Magnetic biocarbon could facilitate spent sorbent recovery 
in oil spill clean-up.

CO2 adsorption. Biocarbon has potential applications in carbon 
capture and storage (CCS), CO2 direct air capture (DAC) and air qual-
ity improvement. Advantages over conventional materials include 
renewability and sustainability. However, the CO2 uptake of biocar-
bons is influenced by morphology, structure and surface chemistry. 
Biocarbon preparation, often involving activation or doping methods, 
should be adapted for this application to develop the required pore 
structure and surface composition228. Pristine biocarbons exhibit 
limited CO2 adsorption compared with engineered biocarbon materi-
als (such as activated carbons and graphitic biocarbons), as observed 
in studies with pyrolysed coffee grounds229, agricultural residues 
and wood230.

A well-developed micropore volume, particularly in the range 
below 0.8 nm at atmospheric pressure and below 0.5 nm at sub- 
atmospheric pressure, is important to enhance CO2 adsorption231. 
High surface areas or large total pore volumes do not necessarily cor-
relate with high CO2 uptake231. The volume of narrow micropores is 
key for increased CO2 adsorption, suggesting a pore-filling mecha-
nism. Both a homogeneous ultra-microporous structure232 and surface 
chemical composition have key roles in CO2 capture233. By optimizing 
the activation method, carbon adsorbents can be prepared with con-
trolled structure and chemical composition. For example, relatively 
high-uptake capacities are reported for KOH-activated carbon from 
bamboo, going up to 3.5 mmol CO2 per gram (25 °C and 1 bar)234 and 
chemically activated carbons from palm stones using various acti-
vating agents (ZnCl2 and H3PO3) showed similar uptake capacities of 
3.9 mmol CO2 per gram and 4.16 mmol CO2 per gram, respectively 
(0 °C and 1 bar)235. Nitrogen doping also results in improved adsorp-
tion, owing to the increased interaction between CO2 and the carbon 
surface. However, further research is still required to optimize the CO2 
capture capabilities under more representative conditions and to assess 
biocarbon reusability in the production methods.

Other applications
Sensors. Biocarbons with modified structures serve as effective sens-
ing materials for various environmental and physical parameters, 
owing to their effective electron transfer capabilities236. Derived 
from various types of biomass, porous biocarbons have been used as 
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Fig. 7 | Mechanisms involved in adsorption of pollutants by biocarbon. 
a, Adsorption mechanisms for compounds that can be removed from wastewater 
using biocarbon. Heavy metals are removed through mechanisms such as 
physical adsorption, electrostatic attraction, ion exchange and complexation277. 
Surface modifications, such as surface oxidation, can improve performance 
by adding functional groups that can interact with pollutants. Mechanisms 
for pharmaceutical removal include hydrogen bonding, n–π interactions and 
van der Waals forces. The morphological properties of biocarbon influence 
pore-filling mechanisms, which require larger pores for removal of bulkier 
compounds278. Organic compounds and dyes can interact with biocarbon by 
pore filling, electrostatic interactions and ion exchange capacity. Pollutants 
that contain benzene rings can interact with biocarbon via π–π electron donor 
interactions, which are more available with increasing oxygen functional 
groups on the biocarbon surface279. b, Mechanisms involved in CO2 adsorption 
by biocarbon. The CO2 uptake abilities of biocarbons depend on structure and 
surface chemistry. Adsorption primarily occurs via physical adsorption through 
a pore-filling mechanism in well-developed micropores. Narrow micropores 
(~0.33–1 nm) show significant effectiveness on CO2 adsorption280. Smaller pores 
are not suitable for this application, owing to the kinetic diameter of the CO2 
molecule (0.33 nm). Chemical adsorption mechanisms also have a role; for 
example, nitrogen doping can enhance CO2 uptake abilities of biocarbons. Sulfur 
dopants may generate strains and defects in the carbon matrix, increasing local 
reactivity. Strong acid–base interactions between CO2 and C–S functionalities 
could play a predominant part in CO2 adsorption281.



electrochemical sensors to detect food contaminants, pharmaceuti-
cals, organic pollutants, metal ions and biomolecules. Carbon dots 
derived from various types of biomass are being used as colorimetric 
and fluorometric sensors to remove various metallic contaminants 
from water236.

Catalysis. Biocarbons have a crucial role in catalysis, offering a sus-
tainable alternative to conventional metallic and oxide catalysts237. 
Biocarbons provide comparable performance, long-term stability, 
cost effectiveness and tunable surface properties238. Biocarbons can 
be doped with various elements (nitrogen, phosphorus and sulfur) to 

enhance their performance in processes such as ORR, electrochemical 
CO2 reduction239, hydrogenation240, pyrolysis of ligno-cellulosic and 
plastic wastes241, photo catalysis242, biofuel production (esterifica-
tion and transesterification)243 and water splitting in bio-hydrogen 
production70.

Biochar–concrete composites. Biocarbon has also been used in con-
crete formulations as a sustainable substitute for cement. Biocarbon 
can enhance concrete properties, serving as a water absorbent, modu-
lus of elasticity enhancer and filler, while contributing to effective 
carbon sequestration244. Biocarbon addition to concrete can improve 
its workability, setting time, hydration kinetics and durability. Biochar–
concrete composites exhibit improved tensile and flexural strength, 
superior corrosion resistance245, decreased thermal conductivity and 
increased sound absorption coefficients246. The use of biocarbon in 
electrified cement holds the potential to transform structures such 
as houses and roads into energy-storing elements, such as batteries 
and supercapacitors247.

Reproducibility and data deposition
The physicochemical properties of biocarbon are highly dependent 
on the selected precursors, pre-treatments, production methods and 
process parameters. Moreover, the composition of the raw precursors 
may be influenced by the growth and harvesting conditions. In accord-
ance with this, similar feedstocks and identical process parameters might 
be associated with biocarbon materials showing variable properties. As a 
result, it is still a challenging task to accurately control and reproduce the 
properties of biocarbon. It is crucial to understand the variability between 
repeated productions and different feedstocks at laboratory, pilot and 
industrial scales, which has not been thoroughly addressed248. In addition, 
long-term storage of biocarbon affects its surface functionality, owing 
to its moisture and gas absorption properties.

The deposition and sharing of data regarding biocarbon prop-
erties and process conditions are crucial and may help to overcome 
reproducibility issues, providing useful information to correlate 
feedstocks, process conditions and biocarbon properties, helping 
researchers and industrial actors to better design production protocols 
adapted to specific biocarbon qualities. The academic community 
is conducting numerous studies to broaden the horizon of biocar-
bon application arenas even further. With an increasing number of 
studies on biocarbon, a data repository could be easily constructed. 
There are currently no complete databases in this field and it is difficult 
to compare reproducibility between different research or working 
groups. The UC Davis Biochar Database is an open source tool led by 
the University of California that attempts to gather and share biocarbon 
information. Originally designed for agricultural purposes, the data-
base was extended to include studies related to water and wastewater 
treatment applications. Machine learning approaches have also been 
used to gather and compare biocarbon properties from the scientific 
literature and to look for existing correlations249. Creation of extensive 
databases to correlate biocarbon properties and production methods 
from different sources is crucial to address reproducibility challenges 
and establish production protocols and standards. A minimum set of 
biocarbon characteristics should be provided for effective compari-
son, as outlined in Table 2. Both the raw feedstock composition and 
biocarbon production process details are necessary to determine 
correlations with the resulting biocarbon properties. Deposition and 
sharing of these data in accessible databases are essential to facilitate 
comprehensive comparison of biocarbon types.

Table 2 | Essential information suggested for the 
development of a comprehensive biocarbon database

Data type Details required

Composition of biocarbon precursors 
(raw and pretreated precursors if 
applicable)

Organic composition

Macromolecular constituents

Inorganic content (ash)

Inorganic composition

Relevant biocarbon production process 
conditions

Temperature

Pressure

Heating rate

Holding time

Decomposition atmosphere

Production method

Precursors

Type of reactor

Post-processing methods

Relevant properties for energy 
applications

Organic composition

Inorganic composition

Surface area

Pore volume

Graphitization grade

Mineral crystalline structure

Electrical conductivity

Relevant properties for composites Organic composition

Inorganic composition

Surface area

Pore volume and size distribution

Surface functional groups

Hardness and stiffness

Graphitization grade

Relevant properties for water treatment 
and gas depollution applications

Organic composition

Inorganic composition

Surface functional groups

Surface area

Pore volume and size distribution

pH

https://biochar.ucdavis.edu


Limitations and optimizations
Potential supply chain issues
Biocarbon can be derived from various types of biomass, with a 
preference for waste sources over cultivated sources. Europe annu-
ally generates 950 million tons of residual biomass250; however, the 
global distribution of biomass is uneven251. Challenges persist in 
ensuring consistent availability of feedstock with uniform properties. 
Country-specific biomass can mitigate availability issues, for example, 
Germany and France have the potential to produce biomass from agri-
cultural residues whereas Sweden and Finland are rich in forestry-waste 
biomass252. Scaling up thermochemical conversion reactors, while 
retaining the biocarbon properties through process optimization, is 
essential to the transition to industrial-scale pyrolysis reactors. This 
demands innovations for efficient biomass feeding, residence time 
control, heat transfer and energy consumption. Adapting a green chem-
istry approach for catalytic pyrolysis must be embraced to minimize 
waste and ensure process efficiency and stability253.

The plastics industry readily adopts innovative and novel materials, 
facilitating the market adoption of biocarbon-based polymeric prod-
ucts, with several commercial entities already marketing biocarbon–
composite products. As biocarbon can be integrated with polymeric 
products using the current processing techniques, there is compatibil-
ity with the existing production facilities254. However, the heterogeneity 
of biocarbon may lead to product inconsistencies. A major obstacle to 
the adoption of biocarbon-based products is the lack of internationally 
recognized standards for materials, environmental and energy applica-
tions. Current standards from Europe (European Biochar Certificate) 
and the USA (International Biochar Initiative) are mostly targeted for 
agricultural applications. Although efforts are underway to establish 
national standards in various countries17, collaboration is crucial to 
develop a global biocarbon-based circular economy.

Unexpected outcomes and workarounds
Electrical conductivity. The electrical conductivity of biocarbon is 
a key property with diverse applications. Biocarbon often exists as 
amorphous or turbostratic structures, resulting in poor conductivity. 
When they are converted into ordered graphitic carbon, they exhibit 
in-plane metallic bonding and higher electrical conductivity255. Biocar-
bon materials produced through catalytic pyrolysis at temperatures 
of 1,000–1,300 °C show superior electrical conductivity; for example, 
waste jute biomass-derived biocarbon showed electrical conductiv-
ity of ~65 S m−1, which is much higher than that of traditional carbon 
materials (~23 S m−1)256.

Specific surface area. The fundamental physical characteristics of 
biocarbon, such as specific surface area and pore size distribution, 
are crucial for applications in environmental remediation and electro-
chemical energy storage. Studies highlight biocarbon materials with 
>3,000 m2 g−1 specific surface area achieved through appropriate
activation methods. Notably, a biocarbon with a specific surface area 
of 3,167 m2 g−1 demonstrated excellent CO2 adsorption performance257.

Structural and morphological features. A key challenge in biocarbon 
synthesis is retention of biomass structure during pyrolysis, owing to 
the polymerization, condensation and carbon stacking mechanisms. 
Surprisingly, certain types of biomass, such as puffball mushrooms, 
effectively retain their structure even at high pyrolysis temperatures 
(750–800 °C), exhibiting excellent performance in electrochemical 
energy storage258,259.

Outlook
Biocarbon holds potential for applications in materials, environment and 
energy. Its expanding use spans cutting-edge fields that include electron-
ics, sensors and catalysis, as for conventional carbon materials. Novel 
applications, such as biocarbon-added concrete to replace high-carbon-
footprint cement or substituting for metallurgical coal in steel produc-
tion, should be explored. The engineered biocompatibility of biocarbon 
opens avenues for drug delivery. The unique properties of biocarbon 
can contribute to creating a sustainable-carbon world. Optimal ther-
mochemical conversions of waste-derived biomass and plastics yield 
biocarbon tailored for high-value material, environmental (including 
CO2 capturing and water purification) and energy applications.

Before integrating biocarbon into the bioeconomy, several issues 
need to be remedied. A robust correlation is required between biomass 
feedstocks, thermochemical conversion technologies and the result-
ing biocarbon properties for specific applications. Streamlining the 
entire process, from biomass collection to thermochemical conver-
sion, in accordance with national and global standards, is essential for 
consistent biocarbon production. Identifying reliable biomass waste 
streams is crucial for scalable biocarbon production. Understanding 
the long-term behaviour, disposal and recyclability of biocarbon in 
materials and energy applications is necessary. Local and national 
governments can have a regulatory role in supporting the application 
potential of biocarbon.

Biocarbon engineering is crucial for tailoring properties to spe-
cific applications in biocarbon technology. Balancing biocarbon 
properties is challenging as certain post-modification processes 
enhance properties such as electrical conductivity and structural 
stability, while diminishing others such as number of functional 
groups. High-temperature-derived graphitic biocarbon promotes 
physicochemical processes but lacks the functional groups required 
for applications such as energy storage and environmental remedia-
tion. Understanding the relationship between pyrolysis temperature 
and surface functionality is vital for real-time applications. Biocarbon 
engineering involves additional processes and multistage protocols, 

Glossary

Biochar
A biocarbon variant produced by 
pyrolysis of biomass at temperatures 
ranging from 350 to 900 °C that 
results in an amorphous or turbostratic 
structure.

Conducting carbon
Highly conductive carbonaceous 
materials that are extensively used 
in batteries and supercapacitors to 
create electrical channels in electrode 
material.

Graphitization
The thermal treatment of amorphous or 
turbostratic carbon above 1,000 °C for 
prolonged residence times to transform 
carbon to a more ordered form.

Heteroatom doping
Replacement of carbon atoms in the 
carbon structure by heteroatoms such 
as nitrogen, sulfur, phosphorus, oxygen 
and boron.

Nanoindentation
A method to determine nano- and 
micro-scale mechanical properties of 
particulates, thin films, coatings and 
interfaces by applying a known load 
on a flat surface and measuring the 
indented area.

Reinforcement
Fibres or particulates in polymeric 
composite that effectively participate 
in stress transfer from polymeric to 
reinforcement phase.



potentially increasing economic input and manufacturing cost. Using 
statistical and mathematical tools for experimental design (for exam-
ple, Taguchi) is recommended for process optimization. Scaling up 
production, engineering and processing is crucial to meet the growing 
demand for engineered biocarbon.

Every biomass exhibits unique chemical composition and morpho-
logical features, influencing the physicochemical and functional prop-
erties of biocarbon. Hence, generalization of the protocols for biomass 
collection, storage, pre-treatment, pyrolysis and post-modification 
is challenging. Achieving desired biocarbon properties from diverse 
biomass feedstocks for specific applications remains challenging. 
Different combinations may impact the properties of final products, 
necessitating an understating of feedstock chemical composition. 
Establishment of a comprehensive biocarbon database is needed 
to understand the biomass–pyrolysis process–biocarbon property 
co-relationships. Shifting from localized thermochemical conver-
sion units and/or biomass processing units to a uniform supply–
storage–processing system, such as biorefineries, can enhance 
efficiency and scalability.

Conclusion
Biocarbon is gaining global attention in high-value material applica-
tions, transitioning from traditional uses in agriculture and soil amend-
ment. With suitable processes, parameters and post-modifications, 
nano-structured carbon allotropes such as carbon dots, carbon nano-
tubes and graphene can be produced. Sustainability and commercial 
viability of biocarbon technology depend on cost-effective produc-
tion, application diversity and end-user adaptation. Key approaches, 
including life-cycle analysis, socio-economic impact studies and 
techno-economic analysis, are vital for biocarbon-based technolo-
gies. Despite its potential in polymeric composites, energy storage 
and conversion, environmental remediation and sensors, biocarbon 
faces challenges in feedstock selection, reproducibility, safety, trans-
portation, handling and availability for large-volume applications. 
These challenges can be addressed through feedstock hybridization, 
database creation and globally accepted safety protocols. Nevertheless, 
biocarbon has huge potential to replace traditional carbon materials in 
various applications, providing advantages for renewability, circularity 
and sustainability without sacrificing performance.

Published online: xx xx xxxx
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