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Abstract 

Biochar, a versatile environmental material, has gained significant attention for its exceptional physical and chemi-
cal properties. This comprehensive review explores the innovative preparation methods of element-doped biochar, 
highlighting their enhanced functionalities and groundbreaking applications across diverse fields. Drawing from con-
ventional approaches, this study systematically investigates in-situ and exogenous doping techniques, examining 
their distinct advantages, limitations, and profound impacts on the morphological structure and surface chemistry 
of biochar. By integrating multiple elements, the research reveals how doping significantly improves the adsorption 
capacity, catalytic efficiency, and electrochemical performance of biochar, offering opportunities for its potential use 
in environmental remediation, soil enhancement, energy conversion, and even cosmetic applications. Moreover, this 
study introduces an original framework of “preparation–structure–performance–application”, emphasizing the impor-
tance of optimizing doping strategies and element selection to maximize versatility of biochar across multiple 
domains. Beyond basic insights into existing knowledge, this review provides novel perspectives for future research, 
particularly in areas such as carbon sequestration, pollutant adsorption, and advanced catalysis. This comprehen-
sive synthesis not only synthesizes existing knowledge but also delivers fresh, innovative insights into the untapped 
potential of element-doped biochar, propelling transformative progress in sustainable materials science and beyond.

Highlights 

•	 Element doping strategies unlock potential of biochar in environment and energy storage.
•	 Comparing the pros/cons about in-situ/exogenous synthesis pathways of element-doped biochar.
•	 Decoding the relationship between structure-performance and applications of element-doped biochar.
•	 Proposing a systematical “synthesis–performance–application” paradigm of element-doped biochar.
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Graphical Abstract

1  Introduction
Advanced carbon materials such as graphene, activated 
carbon, and carbon nanotubes (CNTs) have been widely 
utilized across diverse industries including the chemical 
industry, electronics, and aerospace. These materials are 
distinguished by their large specific surface area, custom-
izable pores, high electrical conductivity, diverse precur-
sors, and strong mechanical properties (Li et  al. 2021a; 
Pamphile et al. 2023; Shu et al. 2023; Wang et al. 2020). 
For instance, a novel graphene skinned fiber material has 
demonstrated remarkable advantages in aircraft anti-
icing and icing applications, despite the notable draw-
back of high production costs (Qi et al. 2024). In addition 
to graphene, carbon nanotubes represent another signifi-
cant carbon material characterized by their one-dimen-
sional structure. Extensive research over the past two 
decades in the electrical and electronics domains has 
yielded extensive findings on carbon nanotubes, which 
exhibit distinctive morphology and exceptional elec-
trochemical properties, offering promising prospects 
for energy storage applications. Furthermore, carbon 
nanotubes have been successfully integrated as active 

materials and carriers within battery and supercapaci-
tor electrodes (Sun et  al. 2017). However, despite their 
advanced structural preparation methods, expensive syn-
thesis procedures, and poor dispersibility, the practical 
application of carbon nanotubes remains limited (Lavine 
2018). Consequently, there is a pressing need to develop 
cost-effective, efficient, and readily available materi-
als to expand the application scope of carbon materials 
(Alhashimi & Aktas 2017).

Biochar, a carbon-rich material derived from the pyrol-
ysis of biowaste, has attracted significant attention from 
researchers in recent years (Aller 2016; Chen et al. 2019;. 
Gao et al. 2023a; Lin et al. 2023a, b; Zhou et al. 2022a, b). 
Initially recognized as a soil amendment for improving 
soil fertility and enhancing carbon sequestration through 
soil application (Aller 2016; Moralı et al. 2016), advance-
ments in biochar functionalization have expanded its 
applications into diverse fields such as energy conver-
sion and storage, pollutant treatment, and environmental 
remediation (Fig.  1) (Resego et  al. 2023). Functionaliza-
tion aims to improve the physical and chemical proper-
ties of biochar, including surface area, porosity, chemical 
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functional groups, and thermal stability, as well as its 
electrochemical properties, such as conductivity, redox 
activity, and electrochemical stability. Additionally, it 
improves the availability of surface active sites, includ-
ing Bronsted acid sites, Lewis acid sites, base sites, and 
redox sites (Deng et al. 2022; Li et al. 2017a, b; Tan et al. 
2020). Current methods for preparing functional biochar 
include ball milling, template methods, chemical activa-
tion, and elemental doping (Li et al. 2017a, b; Song et al. 
2021; Wu et al. 2022).

Among these, element doping has emerged as a simple 
yet effective strategy for functionalizing biochar, offering 
significant improvements in its structure and proper-
ties. Although not as extensively studied as other modi-
fication techniques, element doping has demonstrated 
remarkable potential in enhancing biochar materials 
(Wan et al. 2020; Wang et al. 2023a, 2018). Researchers 
have successfully doped various biowastes with elements, 
revealing that the incorporation of suitable elements can 
enhance the mechanical, thermal, and chemical stabil-
ity of biochar, along with other desirable properties. This 
has broadened its applications in energy storage, envi-
ronmental remediation, and beyond (Tang et  al. 2021). 
For instance, biochar doped with nutrient elements 
such as potassium (K), nitrogen (N), and phosphorus (P) 
has shown promise as an innovative soil amendment, 
improving soil fertility, promoting plant growth, and 
ultimately increasing crop yield and quality (Anum et al. 
2024; Liu et al. 2024; Xin al., 2021). In the energy sector, 
biochar doped with elements like nitrogen (N) and sulfur 

(S) has demonstrated potential as a novel energy storage 
material, leveraging synergistic effects between differ-
ent elements to advance research in this field (Kong et al. 
2023; Wan et al. 2020).

The practice of element doping offers numerous advan-
tages to biochar, driving researchers to further explore 
this area to optimize its utilization across various fields. 
Current studies primarily focus on single-element doping 
and its applications, highlighting the potential of doped 
biochar in environmental, catalytic, and energy-related 
applications  (Table 1). This study aims to provide a sys-
tematic and comprehensive review of element-doped 
biochar, focusing on its preparation methods, struc-
tural properties, enhanced functionalities, and diverse 
applications. Unlike previous reviews, we introduce an 
original "preparation–structure–performance–appli-
cation" framework to guide the optimization of doping 
strategies and element selection for targeted applica-
tions. By exploring innovative in-situ and exogenous 
doping techniques, we uncover their unique advantages 
and limitations, while investigating the transformative 
impact of doping on biochar morphology, structure, and 
surface chemistry. Furthermore, we identify emerging 
and unconventional applications of element-doped bio-
char, such as in cosmetics and advanced catalysis, which 
expand its potential beyond traditional uses. This review 
not only consolidates current knowledge but also pro-
vides innovative insights into the untapped potential of 
element-doped biochar, paving the way for transforma-
tive advancements in sustainable materials science.

2 � Element doping mode
2.1 � In situ doping
In situ doping, also known as self-doping, involves the 
direct carbonization of biowaste containing the desired 
element to produce biochar (Fig. 2). This method facili-
tates the incorporation of heteroatoms into the biochar 
matrix, altering its performance such as specific surface 
area, functional groups, surface crystals, carbon defect, 
and active site (Zheng et al. 2023). Common plant-based 
biowastes, including bamboo, rice husks, honeysuckle, 
and catkins, primarily consist of carbon (C) and oxygen 
(O), with trace amounts of nitrogen (N), phosphorus (P), 
and sulfur (S). Table S1 summarizes the elemental com-
position (C, N, O, P, S) of various plant-based biowastes 
based on a comprehensive literature review. Through 
simple pyrolysis, hydrothermal, or microwave process-
ing, elements like N, O, P, and S can undergo self-doping 
in biochar. For instance, the inherent N and O in bamboo 
can be doped into biochar, promoting the formation of 
porous structure (Chaturvedi et al. 2023). Similarly, Chen 
et  al. (2023) reported that pyrolyzing fish scales, which 
are rich in N, S, and O, resulted in biochar with enriched 

Fig. 1  Application areas of elementally doped biochar
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elemental contents of 65.59% N, 3.41% S and 0.17% O. 
While self-doping is straightforward and cost-effective, 
accurately quantifying the type, content, and composi-
tion of elements in precursor materials remains challeng-
ing. This variability complicates the reproducibility and 
standardization of research outcomes (Fig. 2).

2.2 � Exogenous doping
Certain biowastes, such as bagasse, corn stalks, fruit 
hulls, grapefruit peels, and banyan trees, have low 
heteroatom content and require the introduction of 
exogenous dopants for element doping, a process 
known as exogenous doping. Compared to in-situ dop-
ing, exogenous doping offers better control and easier 
quantification of dopant levels (Fig. 2). Exogenous dop-
ing techniques are broadly categorized into chemical 
vapor deposition (CVD) and direct contact methods 
(Table S2) (Ahmad et al. 2023). The CVD method allows 
for the precise deposition of dopants onto biochar sur-
faces through gas-phase reactions, and it offers excel-
lent control over doping uniformity and concentration 
(Table S2). For instance, Chen et al. (2020) successfully 
obtained N-doped biochar by pyrolyzing bamboo in 
an ammonia atmosphere. However, the utilization rate 
of this straightforward CVD method is not high and 
it is energy-intensive and expensive, limiting its use to 

high-value applications (Liao et  al. 2024). In contrast, 
the direct contact methods, such as wet impregnation 
and dry mixing, are more versatile and cost-effective 
(Table  S2). These methods involve mixing biowaste 
with dopant-containing materials followed by pyroly-
sis (Anum et  al. 2024; Ding et  al. 2020). For instance, 
Wan et  al. (2022) prepared S-doped biochar by pyro-
lyzing biowaste mixed with S8 precipitates, while  Sun 
et al. (2023a) produced N-doped biochar by ball milling 
the corn stalk biochar impregnated with urea. Table S2 
compares the respective advantages, limitations, and 
suitability of wet impregnation and pyrolysis with pre-
cursors. Wet impregnation involves immersing biochar 
in a dopant solution, followed by drying and thermal 
treatment. It is cost-effective and scalable, making it 
suitable for large-scale applications (Li et  al. 2021a, b; 
Verdida et  al. 2023). However, it requires careful con-
trol of solution concentration and immersion time to 
ensure uniform doping. Co-pyrolysis with precursors is 
another effective method, where biomass is pyrolyzed 
alongside dopant-containing materials. This technique 
is simple and achieves homogeneous doping, but the 
choice of precursors and pyrolysis conditions signifi-
cantly influences the final properties of the doped bio-
char (Li et al. 2023b; Zang at al. 2022a)

Fig. 2  The distinction between in-situ and exogenous doping
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To achieve optimal results in the elemental doping of 
biochar, it is crucial to follow best practices tailored to 
the desired properties and applications. In-situ doping 
is ideal for uniform doping during biomass pyrolysis, 
using biomass naturally rich in the desired element or 
pre-treated with dopant precursors, though it imposes 
strict requirements on raw materials. Exogenous dop-
ing, on the other hand, offers flexibility and precision. For 
instance, wet impregnation is a cost-effective and scal-
able method, achieving uniform dopant distribution by 
optimizing solution concentration and immersion time. 
Meanwhile, CVD enables high-precision doping through 
controlled gas-phase reactions, ensuring uniform dopant 
deposition. Selecting the appropriate biowaste, dop-
ing method, and dopant content based on the intended 
application is essential for advancing the development 
and application of elementally doped biochar.

3 � Types of doping elements
3.1 � Nitrogen doping
Nitrogen (N) is a widely used element for doping bio-
char, significantly enhancing its functional properties. 
N-rich biowastes, such as algae, microorganisms, and 
animal dung, naturally contain high nitrogen levels, ena-
bling the direct preparation of N-doped biochar through 

self-doping (Feng et  al. 2024a). For low-nitrogen feed-
stocks, external nitrogen sources like NH3, urea, and 
ammonium salt are introduced (Wan et al. 2020). N dop-
ing catalyzes ester hydrolysis reactions, with surface basic 
functional groups acting as alkali catalysts that promote 
nucleophilic addition reactions with carbonyl groups, 
breaking ester bonds (Chen et al. 2020). N in doped bio-
char typically exists in five forms: amination functional 
groups, pyridine N (six-membered heterocyclic rings), 
pyrrole N (five-membered heterocyclic rings), graphite N 
(sp2-hybridized nitrogen adjacent to three sp2-hybridized 
carbons), and nitrogen oxides (–NOx) (Fig.  3a, b and 
Table S3) (Gopalakrishnan & Badhulika 2020). Pyridine-
N and pyrrole-N are located at edge or defect sites, while 
graphite-N replaces carbon atoms within the graphite 
layer, introducing additional π electrons. These nitrogen 
configurations coexist in biochar, with their relative con-
centrations adjustable based on the doping level (Wang 
& Wang 2019). N doping primarily enhances the pore 
structure, specific surface area, catalytic activity, adsorp-
tion capacity, energy storage capability, and electrical 
conductivity of biochar, without significantly altering its 
fundamental structure (Yu et  al. 2022). Table  S3 sum-
marizes the types of N species and their application in 
N-doped biochar. For example, Ling et  al. (2017) used 

Fig. 3  The morphologies of N, P and S in biomass, as well as the main forms of N, P and S doping in biochar.  Adapted from Gopalakrishnan & 
Badhulika (2020)
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N-rich hydrophytes to produce biochar enriched in pyr-
role-N and pyridine-N, which adsorbed Pb(II) through 
surface coordination. Mian et  al. (2019) pyrolyzed agar 
in an ammonia atmosphere to generate biochar with high 
pyridine-N and graphite-N content, demonstrating excel-
lent catalytic degradation of organic pollutants. Yuan 
et al. (2022) synthesized N-doped biochar from reed and 
chlorella, achieving superior capacitance for energy stor-
age. Additionally, N-doped biochar serves as an effective 
catalyst carrier, enhancing the dispersion and stability of 
loaded metals or metal oxides (Chen et al. 2019; Sun et al. 
2023b, c, d; Zaman et al. 2024).

3.2 � Oxygen doping
Oxygen (O) is a widely used dopant in biochar due to 
its high electronegativity, which significantly influences 
electron distribution. O-doped carbon materials often 
exhibit redox-active functional groups on their sur-
face, such as –COOH, –OH, and C = O. These groups 
act as electron donors, promoting the generation of free 
radicals for oxidation reaction (Wang et  al. 2022). For 
example, Wang et  al. (2022) produced O-rich biochar 
by pyrolyzing sawdust with magnesium carbonate pen-
tahydrate at 800 °C. They observed a significant increase 
O-containing functional groups (–COOH, OH, and 
C = O), particularly C = O, which increased by 16.17% 
compared to untreated biochar. The C = O group plays a 
dual role: facilitating electron transfer and serving as an 
adsorption site for immobilizing pollutants (Chacón et al. 
2020). Dinh et al. (2022) demonstrated that O-containing 
functional groups in O-doped biochar degrade sulfadia-
zine by cleaving S–N bonds and heterocycles while oxi-
dizing amino groups. During pyrolysis, the introduced 
O combines with C and N to from volatile compounds, 
creating defects and smaller pores on the biochar surface. 
This enhances specific surface area and pore volume. 
However, at high pyrolysis temperatures, carbon struc-
tures accumulate, reducing these defects (Zhang et  al. 
2022b).

3.3 � Sulfur doping
Sulfur (S) is a widely used dopant in biochar due to its 
eco-friendly nature and minimal secondary pollution. 
Naturally present in most biomass feedstocks, S doping 
offers favorable conditions for tailoring structural and 
functional properties of biochar (Zhang et al. 2023b). The 
introduction of S alters the internal structure of biochar, 
often reducing pore size as S atoms replace O-contain-
ing groups on the surface, leading to pore blockage (Wu 
et  al. 2018). This structural modification enhances the 
catalytic ability of biochar (Ding et  al. 2020). Addition-
ally, although S and C belong to the same main group and 
share similar electronegativities (χS = 2.58, χC = 2.55), the 

larger atomic size of S creates voids within the carbon 
structure during pyrolysis. This increases the distance 
between carbon layers, generates porous defects, and 
enhances porosity and specific surface area (Ding et  al. 
2020).

S in doped biochar typically exists in two forms: thio-
phene-S (–C–S–C) and oxidized-S [C–SOx–C, where 
x=2, 3, 4] (Figure 3a and c) (Hassaan et al. 2024; Oh et al. 
2021). The content of thiophene-S generally increases 
with higher S doping rates, while oxidized-S decreases 
(Guo et  al. 2020a; b). These S configurations provide 
additional active sites and elongate the C–C bond length 
in sp2-hybrid carbon, facilitating electron transfer. As a 
result, S-doped biochar has been extensively studied for 
pollutant adsorption. For example, Yang et  al. (2022a; 
b) prepared S-doped corn stalk biochar via ball milling, 
achieving a maximum tetracycline adsorption capac-
ity of 505.68 mg g−1. However, excessive S doping can 
negatively impact the performance of biochar. Guo et al. 
(2020a; b) reported that high S levels can collapse pore 
structures, reducing the exposure of active sites. Ding 
et al. (2020) also noted that S doping can impair the cata-
lytic performance of rice straw biochar due to the forma-
tion of spin charges in the carbon lattice, attributed to the 
similar electrochemical properties of S and C. These find-
ings highlight the need for further research to optimize 
S doping levels and understand the specific interactions 
between sulfur and the carbon structure of biochar. By 
balancing S incorporation, researchers can maximize the 
benefits of S-doped biochar while mitigating potential 
drawbacks.

3.4 � Phosphorus doping
Phosphorus (P) is a widely used dopant in biochar, with 
applications spanning adsorption and energy storage. The 
larger atomic size of P (100 pm) compared to C (70 pm), 
combined with its variable valence states and electron-
donating capability, enables P atoms to dope prominently 
outside the graphene plane. This results in local struc-
tural deformations in the hexagonal carbon framework, 
avoiding steric hindrance commonly observed in planar 
N-doped carbon materials (Huang et  al. 2023a; b). The 
difference in covalent radii between P and C allows for 
the regulation of local electron distribution and the crea-
tion of structural defects within the carbon lattice. These 
defects generate additional active sites, optimizing the 
electronic structure and surface charge distribution of 
biochar (Patel et al. 2016; Song et al. 2020). During pyrol-
ysis, the introduction of P-containing substances often 
incorporates oxygen, forming C–O–P and C–P–O bonds 
(Wang et  al. 2023a). Wu & Radovic (2006) observed 
that as pyrolysis temperature increases, the P–O bond 
in C–O–P breaks, releasing CO and leaving positively 
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charged P atoms. These P atoms then participate in elec-
trophilic addition reactions with unsaturated carbon 
structures, forming C–P–O bonds. Higher concentra-
tions of C–O–P and C–P–O bonds enhance the specific 
surface area and adsorption capacity  of biochar, with 
C–O–P bonds also protecting C atoms during pyrolysis 
(Yang et al. 2024a; b). P in doped biochar exists in vari-
ous forms, including –P2O7, –PO3, and P = O (Fig.  3d), 
which influence surface charge distribution and enhance 
adsorption by generating more negative potentials (For-
mula 1 − 4). However, increasing carbonization tempera-
ture reduces these functional groups, creating additional 
defect sites and lowering graphitization levels (Wei 
et al. 2023). The active components in P-doped biochar, 
such as C–P = O, C = O, and O–C = O groups, make it a 
promising alternative to commercial activated carbon. 
For instance, Zhou et al. (2022b) reported that P-doped 
biochar exhibits an adsorption capacity over 400 times 
higher than untreated biochar under simulated flue-gas 
conditions, surpassing even commercial brominated acti-
vated carbon. Moreover, using low- and medium-grade 
phosphate rock as a P source for doping not only sup-
ports sustainable phosphorus cycling but also contrib-
utes to environmental sustainability.

3.5 � Halogen doping
Halogen elements (F, Cl, Br, I) have been explored for 
doping into carbon materials, including biochar and 
activated carbon, to modify their electronic structure, 
energy levels, and optical and catalytic properties (Fu 
et al. 2023a; Luo et al. 2022). The incorporation of halo-
gen atoms forms C–X bonds (X = F, Cl, Br, I), leveraging 
the unique reactivity of halogens to tailor the electronic 
properties of carbon materials. For example, Fu et  al. 
(2023a) demonstrated that the halogen doping broadens 
the energy levels associated with electron transitions, 
reduces the gap between the highest occupied molecular 
orbital and the lowest unoccupied molecular orbital, and 
significantly enhances the optical and catalytic perfor-
mance of carbon materials. Similarly, Wang et al. (2021a; 
b) reported that halogen doping reduces the band gap, 
increases the generation of photoinduced charge car-
riers, lowers electron transfer resistance, and improves 

(1)2H2PO
−

4 → HPO2−
4 + H3PO4

(2)2H2PO
−

4 → PO−

3 + H2O

(3)2HPO2−
4 → P2O

4−
7 + H2O

(4)H3PO4 → PO−

3 + H2O

the photocatalytic activity of halogen-doped biochar. 
Despite these advantages, research on halogen-doped 
biochar remains limited due to the toxicity of many hal-
ogen sources, such as fluorine and chlorine compounds 
(Yuan et al. 2023a, b). This toxicity complicates the accu-
rate determination of the position and quantity of doped 
halogen atoms. Additionally, the high reactivity of halo-
gens poses challenges in controlling the doping process. 
To address these issues, future efforts should focus on 
identifying environmentally friendly halogen sources to 
replace toxic fluorine and chlorine compounds, as well as 
developing precise methods to measure halogen levels.

3.6 � Metal element doping
In contrast to non-metallic elements, the doping of metal 
elements into biochar can cause significant alterations 
in its structural properties due to the reactive nature of 
metals. On the one hand, metal element doping promotes 
electron transfer rates by forming highly active substances 
on the biochar surface (Guo et al. 2023). For example, Fe-
doped biochar exhibits excellent Fenton-like catalytic 
degradation performance across a wide pH range, thanks 
to well-dispersed Fe species, including Fe0, Fe2+ and Fe3+ 
(Wang et  al. 2021a, b). Liu et  al. (2019) demonstrated 
that Fe salts undergo a sequential transformation dur-
ing pyrolysis, converting into oxides (Fe₂O₃, Fe₃O₄), car-
bides (Fe₃C), and eventually metallic Fe (Fe⁰) at elevated 
temperatures (Fe3+ → Fe2O3 → Fe3O4 → Fe3C → α-Fe). 
Similarly, Cu-doped biochar forms new Cu–O bonds 
and exhibits strong π-π interactions between the graph-
ite layer and aromatic ring structure via strong hydrogen 
bonds, enhancing its pollutant removal efficiency (Shao 
et  al. 2021). On the other hand, the inclusion of metal 
ions leads to the development of metal nanoparticles 
and oxides on the biochar surface. These structures act 
as physical barriers, protecting the biochar from oxida-
tion and improving its stability (Yu et  al. 2021a, b). For 
instance, Nan et  al. (2020) examined the influence of 
alkali metals (K, Ca, Na, Mg)-doping cow dung biochar 
on carbon fixation capability and stability. Their study 
demonstrated that alkali metal oxides formed during 
pyrolysis act as dual-functional agents: (1) physical bar-
riers restricting the volatilization of carbon-containing 
compounds and (2) CO₂ adsorbents, thereby enhancing 
carbon retention. In contrast, Yu et  al. (2021a; b) dis-
covered that metal nanoparticles and oxide coatings on 
biochar surfaces could paradoxically accelerate carbon 
decomposition. This catalytic effect destabilized the car-
bon skeleton, leading to pore collapse and reduced spe-
cific surface area (SSA) and porosity, particularly under 
rapid microwave pyrolysis conditions. The apparent 
contradiction between these findings can be rational-
ized through pyrolysis method and the type of metal and 
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biowaste. From the perspective of pyrolysis method, Nan 
et  al. (2020) employed conventional tube furnace pyrol-
ysis with slower heating rates (5–10  °C  min–1), whereas 
Yu et  al. (2021a; b) utilized microwave-assisted pyroly-
sis achieving ultra-fast heating (> 100  °C  s–1). The latter 
method promotes intensive metal–biomass interactions 
through localized plasma formation. Considering the 
metal type, free alkaline earth ions (Ca2⁺, Mg2⁺) in Nan’s 
study exhibited pore-expanding effects via gas evolu-
tion reactions, while Yu’s solid mineral precursors (e.g., 
bentonite) generated dense oxide layers that obstructed 
pore networks. From the perspective of biowaste, high-
ash cow dung in Nan’s work provided intrinsic mineral 
templates for pore development, contrasting with the 
low-ash lignocellulosic biomass in Yu’s study where exog-
enous minerals dominated structural evolution. These 
mechanistic insights reveal that metal dopants predomi-
nantly catalyze carbon skeleton reorganization rather 
than simple decomposition. The net outcome depends 
on the interplay between metal mobility, heating dynam-
ics, and biomass matrix effects. Future research should 
employ advanced characterization techniques to resolve 
real-time structural transformations and establish pre-
dictive models linking dopant properties to biochar 
functionality.

3.7 � Rare earth element doping
Recent studies have explored the doping of rare earth 
elements into carbon materials to enhance their cata-
lytic properties and adsorption capacity (Malavekar et al. 
2023; Matskevich et  al. 2023; Zhan et  al. 2024). Rare 
earth elements, such as lanthanum (La) and cerium (Ce), 
are particularly promising due to their unique electronic 
configurations and ability to form stable complexes with 
carbon matrices. For example, Wang et al. (2018) demon-
strated that La- and Ce-doped biochar possess numerous 
positively charged hydroxyl groups (≡La–OH, ≡Ce–
OH), which exhibit excellent adsorption of phosphate 
molecules through electrostatic attraction, hydrogen 
bonding, and inner-sphere complexation (Wang et  al. 
2018, 2019). This makes rare earth-doped biochar highly 
effective for applications in water treatment and nutri-
ent recovery. In addition to adsorption, rare earth-doped 
biochar has shown exceptional potential in catalysis. 
Yang et al. (2024a; b) designed a Ru-WOX doped biochar 
catalyst for the conversion of cellulose to sorbitol (Figure 
S1). By optimizing the Ru content, they achieved 100% 
cellulose conversion and an 82.6% sorbitol yield, high-
lighting the potential of rare earth-doped biochar as a 
high-performance catalyst. Beyond these applications, 
rare earth doping can also enhance the thermal stabil-
ity  of biochar, electrical conductivity, and redox activ-
ity, making it suitable for advanced energy storage and 

environmental remediation technologies. For instance, 
the incorporation of rare earth elements can improve the 
efficiency of biochar-based supercapacitors and batteries 
by facilitating faster electron transfer and providing addi-
tional active sites for redox reactions (Luo et  al. 2024). 
These findings underscore the transformative potential of 
rare earth element doping in advancing the functionality 
of biochar across a wide range of applications, from envi-
ronmental remediation to catalysis and energy storage.

3.8 � Multi‑element co‑doping
Research on single-element doping in biochar has 
reached limitations, prompting a shift toward multi-ele-
ment co-doping to achieve synergistic effects. By com-
bining the advantages of multiple elements, co-doping 
can enhance properties of biochar beyond the sum of 
its individual components. A key application of multi-
element co-doping is reducing the generation of polycy-
clic aromatic hydrocarbons (PAHs) (He et  al. 2019; Liu 
et al. 2017a, b; Zhao et al. 2019). For example, Hung et al. 
(2022) reported that N-B co-doped biochar produced 
fewer PAHs compared to single N or B doping. They 
attributed this to the synergistic coupling between N 
and B atoms and the formation of C–N–B bonds, which 
effectively inhibited PAH generation. However, inappro-
priate co-doping can lead to negative effects. Sun et  al. 
(2023b) found that N-S co-doped biochar exhibited lower 
CO₂ adsorption rates than biochar doped with either N 
or S alone. This was due to the competitive relationship 
between N and S, where N-containing functional groups 
interfered with sulfur oxide formation, and sulfur dop-
ing disrupted the functionality of N-containing groups. 
Despite its potential, the selection of co-doping elements, 
methods, and mechanisms remains poorly understood. 
Additionally, evaluating co-doped biochar based solely 
on the effects of individual elements is insufficient. Fur-
ther research is needed to explore the complex inter-
actions and synergistic mechanisms in multi-element 
doped biochar (Roldán et al. 2015).

4 � Properties of element‑doping biochar
4.1 � Surface morphology
Elemental doping significantly influences the morphol-
ogy of biochar, with different elements imparting distinct 
structural and surface characteristics. After pyrolysis, 
doped elements are typically uniformly distributed on 
the biochar surface, as illustrated Fig.  4a − 4c. However, 
the specific effects of doping vary depending on the ele-
ment introduced. For instance, N doping increases the 
surface roughness and specific surface area of biochar 
(Fig. 4d − 4f ). The result should be attributed to the intro-
duction of N disturbs the decomposition path of the car-
bon skeleton and intervenes the orderly arrangement of 
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carbon, which prompts the formation of new micropo-
rous structure (Anum et al. 2024; Chen et al. 2019; Rong 
et al. 2024). Similarly, P doping results in a rougher sur-
face and an irregular carbon structure. During pyroly-
sis, P not only forms unique phosphide particles on the 
biochar surface but also alters the rate and extent of 
carbonization, affecting the cohesion and growth of the 
carbon matrix (Fig. 4g − 4i) (Zhou et al. 2022b). In con-
trast, O and S doping tend to create more micropores 
and increase the specific surface area, as these elements 
are often released as volatile gases during pyrolysis. Addi-
tionally, O and S form abundant functional groups on the 
biochar surface, which serve as active sites for pollutant 
degradation (Wang et  al. 2022; Yu et  al. 2022). Unlike 
non-metals, metal doping typically results in the forma-
tion of metallic compounds that coat the biochar sur-
face. For example, Mg doping leads to the aggregation 
of magnesium oxide particles on the interior or surface 
of the biochar (Biswas et al. 2024; Wang et al. 2022). In 
the case of multi-element doping, the effects on biochar 
morphology are not simply additive but often synergistic 
(Fig. 4j − 4 k). For instance, Ahmad et al. (2023) reported 
that N-Fe co-doped biochar exhibited more pore struc-
tures and spherical particles compared to Fe-doped 
biochar alone, significantly enhancing its capacity for 
adsorbing refractory organic pollutants. 

4.2 � Pore structure
Pore size structure is a critical factor influencing biochar 
performance, and elemental doping serves as an effective 
modification method to significantly alter its pore char-
acteristics, thereby enhancing its application potential 
(Zuo et  al. 2021). As shown in Table  2 and Fig.  5a, the 
effects of different doping elements on the pore volume 
and diameter vary, with most elements increasing the 
specific surface area (Sun et  al. 2024a; b). For instance, 
alkali metal doping, such as potassium (K), induces struc-
tural swelling during pyrolysis due to the interaction 
between K⁺ ions and carbon or functional groups, lead-
ing to increased pore size (Luo et al. 2023). In contrast, 
transition metal doping (e.g., Fe, Cu, Zn) exhibits a dual 
effect. While metal–organic complexes or metal oxides 
generated during pyrolysis may block some pores, the 
growth of these compounds at higher temperatures can 
also create new pore channels, altering pore size distribu-
tion (Song et al. 2024). Non-metallic elements, such as N 
and S, primarily influence pore structure through chemi-
cal reactions. For example, N doping forms nitrogen-con-
taining functional groups (e.g., pyridinic-N, pyrrolic-N), 
which often results in the formation of micropores and 
mesopores, enhancing surface area and adsorption 
capacity (Wang & Wang 2019); while S doping introduces 
sulfur-containing groups (e.g., thioether, thiophene), 

which can create hierarchical pore structures, improving 
accessibility to active sites for catalytic and adsorption 
processes (Hassaan et  al. 2024). Despite these advance-
ments, current research has limitations. The effects of 
multi-element synergistic doping on pore size remain 
underexplored, and the quantitative relationship between 
doping elements and pore size changes is not yet fully 
understood. Addressing these gaps will be crucial for 
optimizing biochar performance in environmental and 
energy applications. 

4.3 � Degree of graphitization
The degree of graphitization in biochar, reflecting the 
ordering of carbon atoms into a graphite-like structure, is 
measured using techniques such as Raman spectroscopy 
(D/G ratio), X-ray diffraction (XRD) (interlayer spac-
ing d002 and crystallite size Lc), and transmission elec-
tron microscopy (TEM) (direct visualization of graphitic 
layers). Elemental doping can effectively regulate the 
graphitization degree of biochar, which determines the 
conductivity, stability, and catalytic performance of bio-
char (Fu et al. 2023b; Gao et al. 2023a, b; Liao et al. 2024). 
The effect caused by doping of some elements on the 
degree of graphitization of biochar is shown in Table S4 
and Fig. 5b. For the non-metallic element, taking N as an 
example, it can be doped into the carbon lattice of bio-
char to change the distribution of the electron cloud of 
carbon, which affects the arrangement of carbon atoms 
and the crystallization process and promotes the reor-
ganization of carbon structure. Eventually, more defects 
and active sites appear in biochar, disrupting the ordered 
structure and reducing graphitization (Cheng et al. 2023). 
However, Gao et  al. (2022) pointed out that doping 
excessive N leads to the formation of more defects and 
disordered structures in biochar, instead inhibiting the 
graphitization process. For the metallic element, e.g. iron, 
cobalt, and  nickel, they are doped in biochar for using 
as catalysts. During pyrolysis, these metal elements can 
effectively promote the stacking and orderly arrangement 
of the carbon layers in the biochar by lowering the acti-
vation energy required for carbon rearrangement, so that 
the microstructure in biochar is closer to the graphite 
structure (Huang et al. 2023a, b; Jia et al. 2018). Besides, 
the thermal stability of the dopant and its interaction 
with the carbon matrix also play a role in determining the 
degree of graphitization. Therefore, doping various ele-
ments could regulate the graphitization of biochar, which 
determines the adsorption properties, stability, mechani-
cal strength, electrical conductivity of biochar, broaden-
ing its application fields.
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Fig. 4  SEM and EDS images of Cu-doped corn straw-based biochar (a–c) (Gao et al. 2023a; b); SEM images of N-doped bamboo-based biochar, 
where 10 and 50 represent the concentrations of the dopant NH3 (d–f) (Chen et al. 2020); SEM images of O and P-doped sawdust-based biochar 
(g–i) (Wang et al. 2022); SEM images of Fe and Zn-doped corn straw-based biochar (j) (Zhou et al. 2023); SEM images of Fe and Zn doped cotton 
straw-based biochar (k) (Zhou et al. 2023)
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Table 2  Pore structure of biochar partially blended with different elements

Biochar source Dopant SBET (m2 g−1) Vpore (cm3 g−1) Davg (nm) References

Wheat straw
800 °C

Untreated 202.3 0.18 2.80 Li et al. (2020)

N 258.2 0.20 3.16

Fe 250.4 0.26 4.14

N-Fe 362.5 0.30 3.28

Sawdust
800 °C

Untreated 75.6 0.17 NAb Xu et al. (2020)

N 174.4 0.20 NA

Juniper chips
900 °C

Untreated 670.0 0.34 2.12 Lin et al. (2023a, b)

N 841.0 0.63 3.02

Wheat straw
600 °C

Untreated 38.4 0.05 8.44 Yang et al. (2023a, b)

Fe–Mn 186.7 0.17 7.13

Wheat straw
900 °C

Untreated 2.11 0.01 23.82 Kong et al. (2023)

Fe 14.9 0.02 5.97

Ni 30.7 0.07 9.44

Zn 68.6 0.06 3.73

Wood chip
600 °C

Untreated 86.7 0.16 7.40 Liu et al. (2023)

Mn-N 395.2 0.27 2.70

Orange
500 °C

Untreated 17.85 0.04 2.18 Sun et al. (2023e)

Fe-Cu 56.54 0.03 4.65

Phragmites australis
600 °C

Untreated 111.20 0.19 6.98 Wang et al. (2018)

Fe 232.69 0.28 4.78

La-Fe 287.11 0.23 3.13

Bamboo
500 °C

Untreated 2.06 6.13 × 10−3 11.90 Talukdar et al. (2020)

Fe 2.89 1.43 × 10−2 19.80

Ag-Fe 4.28 4.42 × 10−2 41.40

Bamboo
900 °C

Untreated 593.2 0.12 2.97 Huang et al. (2020)

Mn-Fe 364.6 0.33 4.33

Corn stalks
900 °C

Untreated 322.4 0.29 NA Yang et al. (2023a, b)

N-B 607.1 0.41 NA

Collagen fiber
800 °C

Untreated 716.0 0.58 NA Guo et al. (2023)

Fe 893.4 3.06 NA

Co 1247.5 0.64 NA

Fe-Co 2097.7 0.84 NA

Pine needles
600 ~ 800 °C

Untreated 115.4 0.06 1.12 Zhang et al. (2022a)

N-S 372.9 0.31 1.13

Bamboo
240 °C (hydrothermal)

Untreated 7.0 0.02 NA Zhang et al. (2022b)

O 1386.0 0.10 NA

Peanut shell
900 °C

Untreated 283.1 0.11 2.37 Jin et al. (2022)

Fe-S 345.2 0.16 2.18

Edible mushroom
700 °C

Untreated 18.6 0.09 20.18 Bai et al. (2022)

Zn-Mo 113.17 0.39 13.83

Chitosan
800 °C

Untreated 1.4 NA NA Qi et al. (2022)

Fe-Cu 209.7 NA 9.42

Waste wood
800 °C

Untreated 272.0 0.02 4.21 Zhou et al. (2022a)

P 895.5 1.00 4.64

Wheat straw
900 °C

Untreated 63.3 0.031 NA Liu et al. (2020a, b)

B 22.6 0.026 NA

K 1358.4 0.65 NA

B-K 1189.9 0.57 NA
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4.4 � Surface crystal compositions
The surface crystal composition of biochar is significantly 
influenced by elemental doping, which plays a critical 
role in determining its properties, such as adsorption 
capacity, catalytic activity, and electrical conductivity 
(Aziz et  al. 2023; Zhan et  al. 2024). The effects of dop-
ing vary depending on the type of element introduced. 
For instance, doping with transition metals (e.g. iron and 
copper) and non-metallic elements (e.g. nitrogen) can 
introduce defects and distortions in the crystal struc-
ture of biochar (Figure S2). For example, Xu et al. (2025) 
observed that Fe-doped biochar derived from coffee 
grounds exhibited significant changes in its amorphous 
carbon structure at 24° and 43°, which enhanced its 
adsorption capacity for chloroquine phosphate. Similarly, 
Fu et al. (2023b) found that nitrogen doping into the car-
bon skeleton to form carbon nitride crystals often results 
in non-uniform bonding patterns and ratios between 
nitrogen and carbon atoms, leading to defects such as 
vacancies and dislocations in the crystal structure.

In contrast, alkali metals (e.g., sodium and potassium) 
and mineral phosphorus influence the growth and ori-
entation of surface crystals (Figure S2). For example, Liu 
et al. (2024) reported that potassium ions adsorbed onto 
the growth surface of calcium carbonate crystals alter 
their growth rate and orientation, resulting in the for-
mation of CaKPO₄ crystals with unique morphologies. 

Additionally, phosphorus forms stable chemical bonds 
with carbon and silicon in the surface crystals of biochar. 
Liang et  al. (2022) demonstrated that the formation of 
Si-P chemical bond in SiP2O7 crystals not only enhances 
the adsorption of 2,4-dichlorophenoxyacetic acid but also 
increases the stability of the surface crystals of biochar.

4.5 � Surface chemical properties
The surface of biochar is rich in diverse functional groups, 
including carboxyl (–COOH), hydroxyl (–OH), carbonyl 
(C = O), phenolic hydroxyl, and ether (C–O–C) groups. 
These groups impart chemical reactivity of biochar, ena-
bling it to engage in adsorption, ion exchange, compl-
exation, and other environmental reactions (Fan et  al. 
2021). Elemental doping allows for targeted adjustments 
to these functional groups, enhancing the performance 
of biochar to meet the demands of various applications. 
For example, N-doped biochar exhibits distinct absorp-
tion peaks for pyridine-N and pyrrole-N functional 
groups (Fig.  6a), significantly boosting its catalytic and 
adsorption abilities (Chen et  al. 2019; Gao et  al. 2022). 
O-doped biochar introduced hydrophilic groups (e.g., –
OH, C = O), enhancing reactivity, adsorption capacity for 
polar pollutants, and catalytic activity (Yang et al. 2020). 
Similarly, S-doped biochar incorporated acidic and 
redox-active groups (e.g., C–S, S = O), improving heavy 
metal adsorption and electrochemical performance for 

Table 2  (continued)

Biochar source Dopant SBET (m2 g−1) Vpore (cm3 g−1) Davg (nm) References

Bacillus megaterium
900 °C

Untreated 73.1 0.08 4.61 Zhang et al. (2021)

Se 36.8 0.06 6.23

N 148.3 0.05 3.55

Se-N 287.3 0.07 3.01

Fig. 5  Specific surface area ratio after elemental doping (Data from Table 2) (a). Differences in ID/IG of element-doped biochar (Data from Table S4) 
(b)
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Fig. 6  XPS of N-doped biochar (a) (Chen et al. 2019); FTIR and XPS of P-doped biochar (b–d) (Sun et al. 2024a, b); XPS of Fe-doped biochar (e) (Tian 
et al. 2023); XRD of Fe-doped biochar (f) (Yang et al. 2024a, b)
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energy storage (Leng et al. 2022). P-doped biochar shows 
prominent peaks for phosphate functional groups (e.g., 
P = O, PO4

3−, P–O, C–O–P, C–P, C–PO3) (Fig. 6 b − 6d). 
The P2p orbitals in XPS spectra further reveal the pres-
ence of C–O–P (Fig.  6c − 6d), which contribute to the 
stability and adsorption capacity of biochar (Wang et al. 
2023b; Yang et  al. 2024a, b; Yu et  al. 2022). In the case 
of metal doping, elements such as Fe and Cu can react 
with functional groups during pyrolysis (Fig. 6e − 6f ). For 
instance, Fe-doped biochar forms new Fe(COOH)2⁺ com-
plexes on its surface (Formula 5) (Jia et al. 2021; Ahmad 
et al. 2024). Therefore, it is expected to realize the precise 
regulation of the functional groups by doping specific 
element in biochar.

 

5 � Application of element‑doped biochar
As elemental doping technology for biochar continues 
to advance, biochar with tailored properties is being 
increasingly applied across diverse fields. By doping 
biochar with specific elements, it is possible to induce 
unique functionalities that are absent in untreated bio-
char. According to existing literature, element-doped 
biochar is primarily utilized in soil enhancement, carbon 
storage, emission mitigation, adsorption, catalysis, and 
energy storage systems (Table 3).

5.1 � Soil improvement agent
Biochar is widely recognized for its ability to enhance soil 
quality, sequester carbon, and remediate soil heavy metal 
pollution, making it a promising tool for improving soil 
health (Fig.  7 and Table  S5) (Chen et  al. 2018; Mujtaba 
Munir et  al. 2021). However, excessive use of biochar 
can lead to unintended negative effects, such as decreas-
ing microbial diversity, the introduction of PAHs, and 
alterations in soil pH, potentially causing secondary soil 
pollution (Yang et  al. 2022a, b). To mitigate these chal-
lenges, recent studies have focused on improving bio-
char through the doping of soil-friendly elements (e.g., P, 
N, K), which not only minimize adverse effects but also 
enhance its beneficial properties (Mašek et al. 2019). For 
example, N and B co-doped biochar has been shown to 
introduce nitrogen- and boron-containing functional 
groups, which reduce unstable carbon structures and 
decrease PAH residues, thereby addressing concerns 
about secondary pollution (Hung et al. 2022). Addition-
ally, biochar doped with elements such as N, S, K, Mg, 
Ca, and P could supplement essential nutrients for soil, 
promoting plant growth and improving soil fertility. 
K-doped biochar has been found to enhance soil struc-
ture by promoting the formation of stable soil aggregates. 

(5)Fe3+ + −COOH → Fe(COOH)2+ +H+

It also increases soil pH, cation exchange capacity (CEC), 
anion exchange capacity (EC), and soil organic matter 
(SOM), which collectively improve water infiltration, 
root growth, and soil aeration (Da et al. 2023). P-doped 
biochar serves as a habitat for beneficial microorgan-
isms, such as bacteria and fungi, which play critical roles 
in nutrient cycling, organic matter decomposition, and 
soil respiration, thereby enhancing overall soil health (Li 
et al. 2022a, b). These findings demonstrate that element-
doped biochar not only addresses the limitations of con-
ventional biochar but also introduces additional benefits, 
such as nutrient supplementation, improved microbial 
activity, and enhanced soil structure. By optimizing the 
doping process and selecting appropriate elements, bio-
char can be tailored to meet specific soil improvement 
needs, making it a versatile and sustainable solution for 
soil remediation and agricultural enhancement.

5.2 � Adsorbent and catalyst carrier
Adsorbent. Biochar is widely recognized for its excep-
tional adsorption capabilities (Table  S6), which are 
further enhanced by doping with various elements. 
Doping modifies the surface chemistry, functional 
groups, specific surface area, and pore structure  of 
biochar, making it highly effective for removing con-
taminants such as heavy metals, organic pollutants, 
and volatile organic compounds (VOCs) (Chen et  al. 
2019; Lu et al. 2023; Rajapaksha et al. 2016; Wu et al. 
2022). For instance, Lina et  al. (2024) found that Cu-
doped biochar could remove specific heavy metal ions 
(e.g. Hg2⁺) by hydrogen bonding, electrostatic attrac-
tion, or displacement reactions. Cheng et  al. (2022) 
selected melamine as N source for preparing N-doped 
biochar, and found that it could significantly degrade 
volatile organic compounds (VOCs) using abundant 
N-containing functional groups on its surface through 
π-π dispersion, hydrophobic and electrostatic inter-
actions. Mian et  al. (2018) prepared N-Fe co-doped 
biochar, and found that new N-containing functional 
groups and dispersed iron oxides particles appeared 
on its surface. The former could adsorb Cr (VI) via 
electrostatic interactions, while the later converted 
Cr (VI) to Cr (III) via redox reactions. The adsorption 
mechanisms of element-doped biochar include pore-
filling, hydrogen bonding, acid–base interactions, 
chelation, π-π stacking, hydrophobic interactions, and 
electrostatic interactions, as summarized in Fig.  8a–c 
and Table S6 (Hu et al. 2024; Li et al. 2023a, b, c; May-
ilswamy et al. 2023; Wang et al. 2024; Yuan et al. 2023a, 
b; Zhang et al. 2023a, b).

Catalyst carrier. The unique properties of biochar, such 
as its high surface area, porous structure, and tunable 
surface chemistry, make it an excellent catalyst carrier. 
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Doping with elements like nitrogen, iron, and oxygen 
enhances its catalytic performance by introducing active 
sites, improving electron transfer, and optimizing surface 

reactivity (Mahesan et  al. 2023). For instance, N-doped 
biochar owned amphiphilicity, smaller size, superior 
graphite structure, which made it efficiently degrade 

Fig. 7  Soil improvement by elementally doped biochar.  Adapted from Yameen et al. (2024)

Fig. 8  Main mechanisms of pollutant elimination by element-doped biochar. Manickavasagam et al. (2024) Adapted from Rakesh et al. (2023), 
Yameen et al. (2024)
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pyrene (PYR) into small molecules, such as phenol and 
benzoic acid, CO2, and H2O. These small molecules then 
were transferred and diffused out of the soil through 
the small pore structure (Wang et  al. 2024). Fe and O 
co-doped biochar, featuring unique C–O–Fe bonds and 
abundant aryl rings, achieves complete elimination of 
tetracycline through π-π stacking and redox reactions 
(Tao et al. 2024). Doped biochar serves as a versatile cata-
lyst carrier, facilitating reactions such as redox processes, 
hydrolysis, and advanced oxidation (Chen et  al. 2022; 
Manickavasagam et  al. 2024). The catalytic mechanisms 
are further detailed in Fig. 8d and Table S6.

Despite their distinct applications, element-doped 
biochar used as an adsorbent and catalyst carrier shares 
several common characteristics: (1) high surface area 
and porosity could enhance contaminant adsorption and 
provide active sites for catalytic reactions; (2) tunable 
surface functional groups (e.g., −OH, C = O, C–O–Fe) 
improve interactions with target molecules and facilitate 
redox reactions; (3) excellent electron transfer properties 
are crucial for both adsorption (e.g., electrostatic interac-
tions) and catalysis (e.g., redox reactions); and (4) shared 
mechanisms such as π-π stacking, electrostatic interac-
tions, and redox reactions are applicable in both pro-
cesses. These shared traits make doped biochar a highly 
versatile material for environmental remediation and 
catalytic applications.

5.3 � Sequestrating carbon
Biochar is widely recognized as a promising method for 
carbon sequestration and greenhouse gas mitigation, 
offering a sustainable solution to combating climate 
change (Nguyen et al. 2023). During pyrolysis, carbon in 
biowaste undergoes decomposition, polymerization, and 
carbonization, forming stable aromatic groups and highly 
polymerized carbon structures (Yang et al. 2021). How-
ever, in traditional biochar, only about 50% of the carbon 
from biowaste develops a relatively stable structure, lim-
iting its carbon sequestration potential (Leng et al. 2019; 
Zimmerman 2010). To address this limitation, recent 
studies have demonstrated that element doping can sig-
nificantly enhance the carbon sequestration capacity 
of biochar (Table  4 and Figure S3). For instance, alkali 
metal-doped biochar (K, Na, Ca, and Mg) has shown 
improved carbon stability, with Mg-doped biochar exhib-
iting the highest carbon sequestration efficiency. This 
enhancement is attributed to the physical protection 
provided by metal oxides on the biochar surface and the 
chemical bonding within the carbon matrix, which col-
lectively reduce carbon loss during pyrolysis (Nan et  al. 
2020). Similarly, Si-doped biochar forms a unique C–Si 
structure, where silicon acts as a protective barrier to 
hinder carbon loss, further improving carbon stability 

(Xiao et  al. 2014). Phosphorus-doped biochar demon-
strates exceptional thermal stability, with an initial ther-
mal decomposition temperature 100–200 °C higher than 
that of untreated biochar. Additionally, the mass loss rate 
of P-doped biochar is reduced by 15 ~ 30% in the high-
temperature range of 600 ~ 800  °C, owing to the forma-
tion of stable C–P bond and a more ordered carbon layer 
structure (Yang et  al. 2024a; b). Furthermore, N-doped 
biochar enhances carbon sequestration through the for-
mation of protective films on its surface. The abundant 
N-containing functional groups (e.g., amino groups) 
interact with microbial cell surfaces, reducing microbial 
degradation of biochar and indirectly inhibiting carbon 
loss (Anum et  al. 2024; Zhao et  al. 2023). The mecha-
nisms by which element doping enhances carbon seques-
tration can be categorized into three primary pathways: 
chemical bonding, physical barriers, and the absorption 
of carbon molecules during pyrolysis (Fig.  9). Chemi-
cal bonding encompasses various types, including non-
metal covalent bonds, metal covalent bonds, π covalent 
bonds, and organometallic bonds (Shao et  al. 2021; Wu 
& Radovic 2006). Metallic and nonmetallic dopants can 
form stable heteroatom-C covalent bonds and organo-
metallic bonds with carbon in biomass, thereby effec-
tively minimizing carbon loss during pyrolysis (Wu et al. 
2022). Additionally, π covalent bonds can link two planar 
carbon rings, which enhances the stability of the carbon 
structure (Hu et al. 2014). Metal oxides (e.g., CaO, MgO) 
formed during pyrolysis act as physical barriers, reduc-
ing volatile carbon loss and preserving carbon within the 
biochar matrix (Nan et al. 2020). Meanwhile, these metal 
oxides can absorb and combine with small carbon mol-
ecules produced during pyrolysis, forming stable com-
pounds that further enhance carbon retention (Guo et al. 
2020a, b), as shown in Formulas 6, 7, 8, 9.

  

5.4 � Storing energy
Incorporating impurity elements into biochar has 
emerged as a highly effective strategy for enhancing their 
energy storage capacity. Element doping introduces addi-
tional defects, active sites, and functional groups, which 

(6)BaO(s) + CO2(g) → BaCO3(s)

(7)CaO(s) + CO2(g) → CaCO3(s)

(8)MgO(s) + CO2(g) → MgCO3(s)

(9)
MgO(s) + Na2CO3(s) + CO2(g) → Na2Mg(CO3)2(s)
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Table 4  Effect of different elements on biochar yield and carbon retention during pyrolysis

Biochar source Dopant Carbon retention (%) Biochar yield (%) References

Sewage sludge
300 ~ 700 °C

/ 71.6 ~ 41.6 80.4 ~ 67.9 Ren et al. (2018)

Ca 75.2 ~ 38.8 82.3 ~ 68.0

Cattle manure
500 °C

/ 50.0 30.4 Nan et al. (2020)

K 54.3 43.5

Na 56.2 44.0

Mg 65.7 38.3

Ca 64.6 42.4

Spruce sawdust / 46.6 28.2 Nurgül et al. (2023)

400 °C Si 55.5 30.2

Pine sawdust
500 °C

/ 46.5 31.3 Zhao et al. (2017)

P 73.9 ~ 78.5 50.6

Miscanthus
350 ~ 750 °C

/ About 40.1 ~ 23.3 About 21.5 ~ 17.3 Mašek et al. (2019)

K About 47.3 ~ 28.2 About 26.4 ~ 21.2

Sewage sludge
350 ~ 600 °C

/ 80.0 ~ 43.0 / Shen et al. (2020)

Fe 90.0 ~ 60.0 /

Coffee husk
500 °C

/ 40.0 33.0 Carneiro et al. 
(2018)P 81.9 65.0

P-Mg 69.5 62.0

Chicken manure
250 ~ 550 °C

/ 77.8 ~ 33.9 66.0 ~ 42.5 Xiao & Chen (2017)

Ca 81.3 ~ 47.2 77.0 ~ 53.0

Mg 74.5 ~ 49.6 79.5 ~ 50.5

Straw
300 ~ 700 °C

/ 75.6 ~ 51.9 55.5 ~ 34.5 Liu et al. (2020a, b)

Al-Si 84.7 ~ 63.0 68.6 ~ 46.6

Rape straw
800 °C

/ 47.7 / Gao et al. (2018)

P 53.2 /

Fig. 9  Carbon sequestration process of element-doped biochar
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widen layer spacing, improve charge transfer, enhance 
electrode/electrolyte interactions, and boost overall 
energy storage performance. These modifications sig-
nificantly enhance the electrochemical properties and 
longevity of energy storage devices, enabling the use of 
doped biochar in the field of supercapacitors and ion bat-
teries a promising alternative to conventional materials 
like graphene and carbon nanotubes (Table 5 and Figure 
S4) (Deng et al. 2020).

Supercapacitors have emerged as leading energy stor-
age devices, and element-doped biochar has shown con-
siderable promise in this field. Key advantages include 
enhanced specific capacitance, improved electrical 
conductivity, and superior cycling stability (Radosław 
et  al. 2024). Elements such as nitrogen (N), sulfur (S), 
and phosphorus (P), which have different electronega-
tivities compared to carbon, can alter the electron cloud 

distribution and optimize the pore structure of biochar. 
This creates more charge storage areas and active sites, 
increasing the specific capacitance of supercapacitors 
(Makinde et  al. 2024). For example, Deng et  al. (2020) 
prepared an N-doped electrode material with a specific 
capacitance of 159 F g−1 at 1 A g−1. They pointed out that 
heteroatoms like nitrogen can form conjugated π-bonds 
(e.g., N–C bonds) with carbon atoms, facilitating elec-
tron transport, reducing resistance, and enhancing the 
charging and discharging speeds of supercapacitors. 
N and B co-doped biochar also significantly boost the 
specific capacitance of supercapacitors by improving 
C wettability and conductivity and enabling reversible 
redox reactions (Wang et  al. 2016a, b, c). Additionally, 
cycling stability is another critical performance metric 
for supercapacitors. Element doping can improve the 
structural stability of biochar, minimizing damage during 

Table 5  Composition and structure of elementally doped biomass carbon materials and their electrochemical energy storage 
applications

Feedstock Doping types and 
reagents

Doping elements Topography Appliance Electrochemical 
properties

References

Wax gourd Self-dopant N (1.9%) Porous carbon SCs 330 mF g−1 at 1 mA g−1 
(6 mol L−1 KOH)

Yu et al. (2018)

Gelatine Exogenous-doping 
(KNO3)

N (9.5%) Porous carbon SCs 159 mF g−1 at 1 mA g−1 
(6 mol L−1 KOH)

Deng et al. (2020)

Spirulina Exogenous-doping 
(urea)

N (1.2%), O (13.3%) Porous carbon SCs 341 mF g−1 at 1 mA g−1 
(6 mol L−1 KOH)

Geng et al. (2023)

Pomelo Exogenous-doping 
[Co[NO3]2·6H2O, potas-
sium ferricyanide, S]

Co, Fe, S Porous carbon Li–S 447 m Ah g−1 after 500 
cycles at 1 A g−1

Jing et al. (2019)

Fish scales Exogenous-doping 
(sulfuric)

S (6.2%) Carbon nanofiber Li–S 1023 m Ah g−1 after 70 
cycles at 1 A g−1

Zhao et al. (2013)

Wheat straw Exogenous-doping 
(KOH)

N Porous carbon LIBs 343 m Ah g−1 after 1000 
cycles at 1 A g−1

Yan et al. (2019)

Bagasse Exogenous-doping 
(KMnO4)

Mn Porous carbon LIBs 388 m Ah g−1 after 150 
cycles at 1 A g−1

Pongpanyanate et al. 
(2024)

Wheat grain Exogenous-doping (Si 
NPs)

N (6.1%) Carbon nanofiber LIBs 478 m Ah g−1 after 1000 
cycles at 1 A g−1

Sun et al. (2023a)

Soybean straw Exogenous-doping 
(carboxamide)

N (4.9%) Carbon nanofiber ZABs Power density 
up to 88.40 mW·cm−2

Meng et al. (2024)

Asparagus Exogenous-doping 
[Co(NO3)2, Fe(NO3)3]

N (3.9%), Co, Fe Porous carbon ZABs Power density up to 94 
mW·cm−2

Miao et al. (2022)

Sodium citrate Exogenous-doping 
(urea)

N (6.9%) Porous carbon PIBs 384 m Ah g−1 after 500 
cycles at 0.1 A g−1

Yan et al. (2020)

Acesulfame K Self-dopant N (2.5%), S (8.9%) Porous carbon PIBs 205 m Ah g−1 after 1000 
cycles at 0.5 A g−−1

Kim et al. (2024)

Chlorella Exogenous-doping 
(phosphotungstic acid, 
sulfur powder)

P, S, N Porous carbon PIBs 155 m Ah g−1 after 5300 
cycles at 1 A g−1

Kang et al. (2020)

Pine chip Exogenous-doping 
(N-methylpyrrolidone)

N (2.7%), P (5.5%) Sheet porous carbon SIBs 101 m Ah g−1 after 1000 
cycles at 0.5 A g−1

Yu et al. (2021a, 2021b)

Chlorella Exogenous-doping 
(phosphotungstic acid, 
sulfur)

P, S, N Porous carbon SIBs 311 m Ah g−1 after 6000 
cycles at 3 A g−1

Kang et al. (2021)
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charge–discharge cycles. For instance, the S-doped acti-
vated biochar (SA-Come electrode) fabricated from 
camellia (Fig. 10) retains 98% of its capacitance after fol-
lowing 15,000 cycles at 4.0 A g−1 (Xia et al. 2022). Geng 
et  al. (2023) developed N, O co-doped biochar that 
retained 99.2% of its capacitance after 10,000 cycles at a 
current density of 10 A g−1, demonstrating exceptional 
stability.

Beyond supercapacitors, element-doped biochar has 
gained attention in ion batteries and lithium-sulfur bat-
teries (Li et al. 2017a, b; Liu et al. 2018). The performance 
of lithium-ion batteries depends heavily on the lithium-
ion storage capacity and structural stability of the anode 

material. While pristine biochar has limited storage 
capacity, elemental doping can significantly enhance this 
property. For example, Sun et al. (2023a) reported that Si-
doped biochar formed a stable nitrogen-containing clad-
ding after annealing, preventing direct contact between 
silicon nanoparticles and the electrolyte. This resulted in 
a reversible capacity of 478.0 m Ah g−1 after 1,000 cycles 
at 1 A g−1. Sodium and potassium ions have larger radii 
than lithium ions, leading to significant volume changes 
during charge–discharge cycles. Element-doped bio-
char can mitigate this issue by improving structural and 
mechanical properties. Kang et  al. (2020) developed 
N, P co-doped biochar that reduced mechanical stress, 

Fig. 10  Charging mechanism diagram of sulfur-doped biochar symmetric supercapacitor (a), CV curves of supercapacitors manufactured 
at different scanning rate (b), GCD curves of supercapacitors prepared at different current densities (c), Ragone diagram for manufacturing 
supercapacitors (d), Cycle stability and capacitance efficiency of manufacturing supercapacitors (e) (Xia et al. 2022)
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inhibited volume expansion, and shortened sodium diffu-
sion paths, significantly enhancing battery performance. 
Additionally, doped elements such as nitrogen and oxy-
gen enhance polysulfide adsorption and mitigate the 
"shuttle effect," while metallic dopants (e.g., manganese, 
nickel) catalyze polysulfide conversion. Ju et  al. (2023) 
demonstrated that N, Mn co-doped biochar significantly 
improved the cycling stability of lithium-sulfur batteries. 
However, the application of elementally doped biochar 
in energy storage still faces some challenges, includ-
ing insufficient research on the doping mechanism and 
structure–property relationship, the scale-up and con-
trollability of the preparation process, and the compat-
ibility of electrodes and electrolytes.

5.5 � Emerging applications in cosmetics 
and bio‑composites

Doped biochar is increasingly being explored for innova-
tive applications in cosmetics and bio-composites, lev-
eraging its unique properties such as high surface area, 
porosity, and tunable surface chemistry (Figure S5). Car-
bon material has gained popularity in cosmetics due to 
its excellent adsorption properties, making it a key ingre-
dient in masks, cleansers, and soaps (Sajjad et al. 2021). 
Doping biochar with specific elements, such as iron or 
zinc, enhances its physicochemical properties, expand-
ing its potential in skincare. For instance, zinc-doped 
biochar effectively adsorbs oils, dirt, and residues from 
the skin’s surface (Masuku et  al. 2024). It also removes 
heavy metals and organic pollutants from water used in 
cosmetics, ensuring safer and purer skincare products 
(Zhou et  al. 2017). Additionally, zinc inhibits tyrosinase 
activity, reducing melanin production, which makes 
zinc-doped biochar a promising ingredient in whitening 
serums and blemish creams for improving skin tone and 
reducing pigmentation (Jeon et  al. 2022). Beyond zinc, 
selenium-doped biochar offers strong antioxidant prop-
erties, beneficial in anti-aging creams, while silver-doped 
biochar provides antimicrobial and anti-inflammatory 
effects, making it ideal for acne treatments and soothing 
irritated skin (Sami et al. 2023; Feng et al. 2023). Despite 
these promising applications, research on element-doped 
biochar in cosmetics is still evolving. Further studies are 
needed to ensure its safety, stability, and efficacy in prac-
tical formulations.

Element-doped biochar has emerged as a transforma-
tive component in advanced bio-composites, leveraging 
tailored surface chemistry and structural modifications 
to enhance multifunctional performance. For instance, 
in bioplastics, the introduction of N-doped biochar sig-
nificantly improves interfacial compatibility by form-
ing strong chemical bonds (e.g., hydrogen bonds or van 
der Waals forces) with the polymer matrix, enhancing 

mechanical strength and durability (Ruan et  al. 2025). 
Additionally, the porous structure of biochar increases 
internal friction within the material, impedes the slippage 
of molecular chains, and enhances stress transfer, thereby 
improving overall material strength (Sun et al. 2021). The 
functionalization of biochar through element doping also 
imparts unique properties to bio-composites. For exam-
ple, silver-doped biochar confers antimicrobial proper-
ties, making it highly suitable for applications in food 
packaging and medical devices, where preventing micro-
bial contamination is critical (Siddiqui et al. 2017). Simi-
larly, the incorporation of conductive elements, such as 
copper/ceria-doped biochar, reduces surface resistance 
in functional coatings, providing excellent anti-static 
properties that protect electronic equipment from static 
damage (Melnik et  al. 2009). In addition to these func-
tionalities, certain dopants enhance the flame retardancy 
of coatings. When exposed to high temperatures, these 
elements form a dense carbonized layer that fills micro-
scopic pores, isolating oxygen and heat. This mechanism 
improves flame resistance and reduces susceptibility 
to corrosion, making such coatings ideal for construc-
tion, furniture, and other applications requiring fire and 
corrosion safety (Cai et  al. 2017; Yang et  al. 2024a, b). 
Beyond traditional applications, doped biochar is also 
making strides in energy storage. For example, Chen 
et al. reported the use of N- and P-doped porous carbon 
nanosheets as a separator coating for high-energy-density 
Zn-I batteries. This material demonstrated exceptional 
electrochemical performance, with an initial capacity 
of 7.8 m Ah cm⁻2 at 20 mA cm⁻2 and an initial specific 
capacity of 8.9 m Ah cm⁻2 under high iodine loading. It 
also exhibited a retention rate of 56% (5.1  m Ah cm⁻2) 
after 174 cycles, highlighting its potential for advanced 
energy storage systems (Chen et al. 2024). However, chal-
lenges persist in balancing dopant leaching resistance 
with biodegradability, necessitating atomic-level engi-
neering of dopant–carbon bonding configurations.

6 � Conclusion
This comprehensive review highlights the transforma-
tive potential of element-doped biochar as a versatile 
and sustainable material with exceptional physical and 
chemical properties. By systematically exploring inno-
vative preparation methods, such as in-situ and exog-
enous doping, we have demonstrated how doping 
enhances the adsorption capacity, catalytic efficiency, 
and electrochemical performance  of biochar. The inte-
gration of multiple elements into biochar not only 
optimizes its functionality but also expands its applica-
tions in environmental remediation, soil enhancement, 
energy conversion, and even cosmetics. The proposed 



Page 24 of 31Zhao et al. Biochar            (2025) 7:77 

“preparation–structure–performance–application” 
framework provides a holistic approach to understanding 
and optimizing doped biochar, emphasizing the critical 
role of doping strategies and element selection in tailor-
ing its properties for specific uses. Beyond consolidat-
ing existing knowledge, this review offers novel insights 
into emerging applications, such as carbon sequestra-
tion, pollutant adsorption, and advanced catalysis, while 
identifying future research directions to unlock the full 
potential of doped biochar. As the demand for sustain-
able materials grows, element-doped biochar stands out 
as a promising solution to addressing global challenges in 
environmental and energy sectors. This review not only 
advances the scientific understanding of doped biochar 
but also paves the way for its broader adoption, driving 
transformative progress in sustainable materials science 
and beyond.

7 � Future prospect
Based on a comprehensive review of articles from 2018 
to 2024 on Web of Science and X-mol academic platform 
using the keywords “biochar” and “doping”, the num-
ber of relevant publications has shown a steady annual 
increase, as illustrated in Figure S6. This review high-
lights the significant contributions of element-doped bio-
char to environmental science, particularly in synthesis 
methods and performance optimization. However, exist-
ing doping techniques remain relatively simplistic, with 
challenges in precisely controlling the type and concen-
tration of dopants. To advance this field, future research 
should focus on developing more efficient, stable, and 
environmentally friendly doping methods, optimizing 
multi-element doping structures, and exploring synergis-
tic mechanisms and applications. Several key challenges 
must be addressed to advance the development and 
application of element-doped biochar:

•	 Self-doping limitations: Certain biowastes, such as 
crustacean shells (rich in Ca), animal viscera (rich in 
Fe), and aquatic plants (rich in N), enable self-doping. 
However, self-doping lacks precise control over ele-
ment quantification and structural changes, and the 
underlying mechanisms remain unclear.

•	 Interaction mechanisms: The interaction between 
the carbon skeleton and doping elements during 
pyrolysis is poorly understood, posing potential risks 
for applications. Further research is needed to inves-
tigate doping ratios, element types, and their influ-
ence on the carbon structure.

•	 Environmental concerns: Some dopants, such as 
hydrochloric acid, phosphoric acid, and hydrofluoric 
acid, may cause secondary environmental contami-

nation. Developing greener and eco-friendly dopants 
is crucial for sustainable progress.

•	 Soil applications: The extensive use of element-
doped biochar may lead to soil nutrient imbalances 
and negatively impact microbial communities. Addi-
tionally, polycyclic aromatic hydrocarbons (PAHs) 
produced during pyrolysis can degrade soil quality. 
More in-depth studies are needed to assess its long-
term effects on soil environments.

•	 Doping efficiency and stability: The effectiveness 
of heteroatom doping varies across applications, and 
the stability of dopants can fluctuate depending on 
environmental conditions. Achieving high doping 
efficiency and uniform distribution of heteroatoms 
on biochar surfaces remains a challenge.

•	 Greenhouse gas emissions: Pyrolysis for producing 
doped biochar inevitably generates greenhouse gases 
and potentially harmful byproducts. Careful selec-
tion of elements and optimization of preparation 
processes are essential to minimize environmental 
impacts.

•	 Scalability challenges: The industrial scalability of 
doped biochar depends on balancing cost-effective-
ness, energy efficiency, and technological feasibility. 
High-purity dopants and energy-intensive methods 
currently limit large-scale applications. Future efforts 
should focus on expanding raw material sources, 
optimizing doping methods, leveraging existing 
infrastructure, and seeking government and industry 
support.

In summary, this review underscores the transforma-
tive potential of element-doped biochar in addressing 
global challenges such as pollution, soil degradation, 
and climate change. By adopting innovative doping tech-
niques and a holistic framework, this study provides 
actionable insights for optimizing the performance of 
biochar in diverse applications, from environmental 
remediation to energy storage. It also serves as a compre-
hensive resource for researchers, promoting sustainable 
practices across industries and benefiting both the scien-
tific community and society at large.
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