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Biochar conductivity enhances methane 
generation in paddy soil by facilitating electron 
transfer mediated by dissolved organic matter
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Abstract 

Biochar can regulate methane (CH4) emissions from paddy soils. However, the mechanism through which biochar 
conductivity influences methanogenesis in paddy soils remains unclear. In this study, biochar samples with varying 
conductivity levels were prepared by incorporating different amounts of graphene. The dissolved organic matter 
(DOM) derived from biochar was completely eliminated before its application. The addition of conductive biochar 
in the paddy soil system increased CH4 production by enhancing the electron transfer rate (ETR), as demonstrated 
by a significant positive correlation between CH4 production and ETR. Electrochemical experiments conducted 
after the removal of DOM from paddy soil demonstrated that biochar enhanced the ETR in paddy soils by facilitating 
the electron transfer of dissolved organic matter. Anthraquinone-2,6-disulfonate (AQDS), a common analogue for qui-
none- and hydroquinone-containing molecules in DOM, facilitates electron transfer and serves as a model for electro-
chemically active DOM. An experiment with biochar and AQDS confirmed that biochar enhanced the ETR of AQDS, 
supporting previous findings. Following incubation, methanogenic archaea showed no significant change in relative 
abundance across systems, demonstrating that that biochar enhanced methanogenesis solely via accelerated ETRs, 
without altering the microbial community composition. This study deepens our understanding of how biochar con-
ductivity affects methanogenesis and offers scientific guidance for optimising the use of biochar in paddy soils.

Highlights 

•	 Biochar increased methane production in paddy soil by promoting the electron transfer.
•	 The electron transfer in paddy soil was mediated by dissolved organic matter.
•	 Biochar enhanced the electron transfer in paddy soil due to its conductivity.

Keywords  Biochar, Conductivity, Methanogenesis, Dissolved organic matter, Electron transfer

Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Biochar

†Yufei Wu and Ting He have contributed equally to this work.

*Correspondence:
Peng Zhang
da.feipeng@163.com
Bo Pan
panbocai@gmail.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-025-00478-8&domain=pdf


Page 2 of 13Wu et al. Biochar            (2025) 7:85 

1  Introduction
Methane (CH4), a potent greenhouse gas with a global 
warming potential 27.5 times greater than carbon diox-
ide (CO2), persists in the atmosphere for about 12 years 
(Matthews and Wassmann 2003; Nan et  al. 2021). Rice 
paddy soils, comprising approximately 9% of global 
cropland area, are a significant source of CH4 emis-
sions, contributing 30% of annual agricultural CH4 emis-
sions, estimated between 3.1 × 1010 kg and 11.2 × 1010 kg 
(Asadi et  al. 2021; Ding et  al. 2016; Nguyen et  al. 2020; 
Qian et al. 2023). Therefore, it is crucial to investigate the 
biochemical processes associated with CH4 emissions in 
paddy soils. Currently, four main methanogenesis mech-
anisms have been recognized: (1) Hydrogenotrophic: 
methanogens produce CH4 using hydrogen (H2) and CO2 
as substrates (4H2 + CO2 → CH4 + 2H2O) (Leigh et  al. 
2011); (2) Acetoclastic: methanogens directly decompose 
acetic acid to produce CH4 (CH3COOH → CH4 + CO2) 
(Thauer et al. 2008; Xiao et al. 2019); (3) Methylotrophic: 
methanogens utilize methyl groups in methyl compounds 
to produce CH4 (4 CH3OH → 3 CH4 + CO2 + 2H2O) 
(Makarova et  al. 2007); (4) Electron-methanogenesis: 
electroactive microorganisms transfer electrons to meth-
anogens, which then reduce CO2 to generate CH4 (Mand 
and Metcalf 2019; Rotaru et al. 2014; Xie et al. 2021).

Biochar is produced through the pyrolysis of various 
types of biomass under oxygen-limited or anaerobic con-
ditions (Haris et  al. 2021). This carbonaceous material 

exhibits certain conductive properties, which is related 
to its carbonization temperature. Biochar can donate 
and accept electrons through its numerous surface func-
tional groups, thereby participating in environmental 
electron transfer processes. Given these characteristics, it 
is important to understand how biochar influences elec-
tron transfer in paddy soils and consequently affect CH4 
production.

Previous studies have reported conflicting results 
regarding the effects of biochar on methanogenesis. For 
instance, Nan et  al. observed that the short-term appli-
cation of low-concentration biochar (2.8 t ha−1) reduced 
CH4 emissions by 41% in paddy soils (Nan et  al. 2020). 
Similarly, other studies have reported that the addition of 
biochar significantly reduces greenhouse gas emissions, 
including CH4 (Qi et al. 2017; Uchimiya et al. 2011a, b). 
Conversely, numerous studies have indicated increased 
CH4 emissions following biochar application. For exam-
ple, Yang et  al. found that biochar stimulated methano-
genesis within a paddy soil enrichment culture (Yang 
et  al. 2021). The conflicting results may stem from the 
diverse mechanisms through which biochar can influence 
microbial methane production in paddy soil.

Biochar can impact methane generation in paddy soil 
through several mechanisms. Firstly, biochar can provide 
dissolved organic matter components that microorgan-
isms can metabolize, leading to increased oxygen con-
sumption and enhanced CH4 emissions (Ji et  al. 2020; 
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Kubaczynski et  al. 2023). Secondly, biochar can adsorb 
dissolved organic carbon in the soil, diminishing carbon 
sources available to soil microorganisms and inhibit-
ing CH4 production (Cavali et  al. 2022; Jin et  al. 2022). 
Lastly, the electron transfer capacities of biochar can 
facilitate electron transfer among different microorgan-
ism species, thereby influencing the overall CH4 produc-
tion (Wang et  al. 2021; Zhang et  al. 2021). Biochar can 
act as an electron transfer conduit, enhancing the elec-
tron transfer between fermentative bacteria and metha-
nogens to facilitate electron-driven methanogenesis (Kim 
et  al. 2022). The diverse effects of biochar on CH4 pro-
duction in paddy fields are influenced by various factors. 
Changes in the biochar preparation conditions result in 
alterations in characteristics like soluble organic matter 
content, adsorption properties, and conductivity. This 
simultaneous variability complicates the actual effects 
of biochar on microbial methanogenesis and hinders the 
precise interpretation of individual biochar factors on 
CH4 production in paddy soil. Therefore, the specific role 
of biochar conductivity on CH4 production in paddy soils 
is currently unclear and requires further investigation.

Therefore, in this study, we incorporated various quan-
tities of graphene into sodium alginate to produce bio-
char with different conductivity levels, which were then 
added to a paddy soil system for anaerobic incubation. 
We measured the changes in gas generation and electron 
transfer rate (ETR) in all systems during incubation and 
analysed the bacterial and archaeal communities. This 
allowed us to investigate the effect of biochar conduc-
tivity on the methanogenic process of paddy soil and to 
elucidate the mechanism by which biochar conductivity 
regulates the methanogenic action of paddy soil.

2 � Materials and methods
2.1 � Model biochar production and characterization
Sodium alginate solutions (10 g L−1, 250 mL) with differ-
ent amounts of graphene (0, 10, 20, and 40 mg) were used 
as additives to prepare the biochar. Then, we injected 
0.13 mol of solid CaCl2 to each solution, maintaining the 
mixture at 30 °C, and stirred it at 600 rpm for 2 h to form 
sodium alginate gel beads. The gel beads were washed 
with ethanol (≥ 99.7%) and dried at 60 °C for 24 h before 
pyrolysis. Pyrolysis was conducted in a tube furnace for 
2  h under an N2 atmosphere at 400 °C. The model bio-
char (Mb) was washed three times with a 0.10 mol L−1 
dilute hydrochloric acid solution to eliminate any DOM 
derived from the biochar. The pH was then adjusted to 
around 7.0, followed by drying the samples in an oven 
at 60 °C. The Mb samples were named according to the 
amount of graphene added (Mb-G0, Mb-G10, Mb-G20, 
and Mb-G40).

Fourier transform infrared spectroscopy (FTIR) was 
used to determine the surface functional groups of 
Mb (Vertex 80-Hyperion 2000). The conductivity of 
Mb was measured using a powder resistivity analyser 
(ST2722-SZ, Jingge, China). The surface area of Mb was 
determined based on the Brunauer–Emmett–Teller 
(BET) method using a surface area analyser (BSD-PM1, 
Beiteshi, China). The electron donating capacity (EDC) 
and electron accepting capacity (EAC) of Mb were evalu-
ated through mediated electrochemical oxidation and 
reduction methods using an electrochemical worksta-
tion (IGS1130, Yingke, China). The working, counter, and 
reference electrodes were a glass carbon pool (50 mL), 
Pt wire, and Ag/AgCl electrodes, respectively. The elec-
tron shuttle agent, 2,2′-azide-bis (3-ethylbenzothiazo-
lin-6-sulfonic acid) diammonium salt (>98%) or diquat 
dibromide monohydrate, were introduced into a PBS 
solution (0.1 mol L−1) to induce current peaks under a N2 
atmosphere at potentials of 0.61 V or − 0.49 V.

2.2 � Soil incubation experiment
The paddy soil for the experiment was collected from 
Jianshui, Yunnan, China, and stored in a blue-lid bottle 
(1 L) to avoid light exposure. For the control group, 6 g of 
paddy soil was placed in a 20 mL reagent bottle. For the 
experimental groups, 90 mg of different Mb samples was 
added to the paddy soil in separate reagent bottles. Sub-
sequently, 6 mmol of ethanol was added to each bottle as 
carbon source, the headspace was flushed with N2, and all 
bottles were incubated at 30 °C. CH4 and CO2 concen-
trations during incubation were determined using a gas 
chromatograph (9790, Fuli, China).

At the end of the test, the paddy soil was transferred 
to a centrifuge tube for high-speed centrifugation (12,000 
rpm, 15 min, 4 °C) to separate the supernatant from the 
bottom peat mixture. Dissolved organic matter (DOM) in 
the paddy soil was collected from the supernatant using 
a 0.45 μm filter membrane. The total organic carbon 
(TOC) concentration in the supernatant was determined 
using a TOC analyser (Vario TOC Element, Germany) to 
represent the DOM concentration in the paddy soil. Exci-
tation-emission matrix (EEM) spectra was employed to 
investigate the diversity in DOM composition. Emission 
scans spanned from 250 to 550 nm, and excitation wave-
lengths ranged from 200 to 450 nm using a fluorescence 
spectrophotometer (LS55, Perkin Elmer).

2.3 � ETR of paddy soil
When the CH4 concentration produced by the paddy 
soil stabilised, a three-electrode system was assembled 
with glass carbon, Pt wire, and Ag/AgCl electrodes as the 
working, counter, and reference electrodes, respectively 
(Kluepfel et  al. 2014). Cyclic voltammetry (CV) curves 
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for all the paddy soil samples were obtained using an 
electrochemical workstation (IGS1130, Yingke, China). 
The potential range was − 0.8 V to 0.4 V, and the poten-
tial scanning rate ranged from 20 to 200 mV s−1. Based 
on the oxidation and reduction peaks in the CV curve, 
the ETR (k, mol e− s−1) was calculated as follows:

where k is the ETR of the paddy soil, I (A) denotes the 
real-time current, and t (s) is the duration of the CV 
result. ∫Idt (mol e−) indicates the total electron transfer 
capacity, which is obtained from integrating the oxida-
tion/reduction peak in CV curves, and T (s) represents 
the scan time of the oxidation or reduction peak.

After testing, the supernatant of the paddy soil was sep-
arated by centrifugation. An equal volume of ultrapure 
water was added to the paddy soil, and the mixture was 
vigorously shaken for 1 h at 30 °C in the dark. This pro-
cedure was repeated eight times to reduce the influence 
of dissolved organic matter on the CV analysis. Mb was 
introduced into ultrapure water at a concentration of 
6 g L−1 for the CV test. Chloride (Cl−), potassium (K+), 
sodium (Na+), ferrous (Fe2+), phosphate (PO4

3−), and sul-
phate (SO4

2−) ions at concentrations of 10, 100, and 1000 
mg L−1 were also added to the electrolyte in the three-
electrode system for the CV test.

2.4 � The electron accumulation of paddy soil
When the CH4 production reached a stable level, 1 mL of 
the soil suspension was extracted and mixed with potas-
sium ferricyanide solution (10 mmol L−1, 54 mL). A 3 
mol L−1 NaCl solution was used as the supporting elec-
trolyte. After 24 h of oscillation and reaction, the mix-
ture was analysed using a high-precision hydrodynamic 
electrochemical technique with a rotating disk electrode 
(RDE) (Prévoteau et  al. 2016). The oxidation current 
observed in the hydrodynamic CV diagram was used to 
calculate the numbers of excess and unused electrons in 
the paddy soil. The electron accumulation in the paddy 
soil was quantified by measuring the final ferrocyanide 
yield using the following formulae:

where QED (mol e− (g soil C)−1) represents the accu-
mulated electron number in the paddy soil, n (1 mol) is 
the number of electrons for each mole of ferrocyanide 
reduced, V (55 mL) is the volume of solution, m (0.088 

(1)k =
∫t
0
Idt

T

(2)QED=
nV[Ferro]

m

(3)[Ferro] =
jFerro

0.62nFD
2/3
Ferrov

−1/6
ω
1/2

g) is the mass of dry soil C, and [Ferro] (mol L−1) is the 
ferrocyanide concentration. F (96,485 C mol−1) is the 
Faraday constant, DFerro (4.27 × 10−6 cm2 s−1) is the dif-
fusion coefficient of ferrocyanide at 30 °C, ν (9.83 × 10−3 
cm2 s−1) is the kinematic viscosity of 3.00 mol L−1 NaCl 
solution at 30 °C, and ω (4000 rpm) is the RDE rotation 
speed.

2.5 � Microbial community analysis
After the CH4 production reached a stable level, the 
microbial community was measured and analysed. 
Microbial diversity has primarily been studied in the 
conserved region of the nucleic acid sequence encoding 
ribosomal RNA. The 16S region, which represents the 
DNA sequence encoding the small subunit rRNA of the 
prokaryotic ribosome (16S rRNA), is commonly used 
in bacteria. In this study, 16S rRNA high-throughput 
sequencing was conducted using the Illumina NovaSeq 
sequencing platform, and paired-end sequences were 
constructed for sequencing. Species annotation and 
abundance analysis were performed by read splicing 
(using Usearch v10 software), filtering (using Trimmo-
matic v0.33 software), clustering, and denoising (using 
QIIME2 2020.6 software) to reveal the species composi-
tion of the samples and to analyse the species diversity 
among them. The analyses were conducted using Bio-
marker Technologies.

2.6 � Mb and AQDS experiment
Anthraquinone-2,6-disulfonate (AQDS), a widely used 
analogue for quinone- and hydroquinone-containing 
molecules in DOM, has good electrochemical properties 
and can effectively simulate the electron transfer process 
of DOM in paddy soil. Thus, we utilized AQDS to con-
struct a co-mediated electron-transfer system involving 
biochar and AQDS. Specifically, 2 mg Mb was added to 
the AQDS solution at an initial concentration of 5 mmol 
L−1. The CV curves of the samples were measured using 
the same electrochemical workstation, with a voltage 
range of − 0.6 V to 1.6 V and a potential scanning speed 
ranging from 100 to 800 mV s−1.

3 � Results and discussion
3.1 � Methane generation from paddy soil
The conductivity of the Mb material gradually increased 
with the addition of graphene. Specifically, Mb-G0 exhib-
ited low conductivity (4.08 × 10−10 S cm−1); however, the 
graphene modification dramatically increased the con-
ductivity to 0.43 S cm−1 for Mb-G40 (Fig.  1). The FTIR 
results showed that the peak positions and intensities of 
the surface functional groups of these Mb materials were 
similar (Figure S1a), indicating that the addition of gra-
phene did not significantly alter their surface functional 
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groups. The particle size of the Mb material ranged from 
27.51 to 103.53 μm, decreasing gradually with increasing 
graphene content (Figure S1b). Moreover, Mb samples 
with higher graphene contents exhibited larger specific 
surface areas, which increased from 47.90 m2 g−1 (Mb-
G0) to 94.44 m2 g−1 (Mb-G40) (Figure S1c).

Mb samples were added to the paddy soil, and CH4 
accumulation in the paddy soil system was analysed using 
gas chromatography (Fig.  2a). The CH4 generated from 
the paddy soil increased gradually and then stabilised 
over the 16-day incubation period. Notably, CH4 accu-
mulation in all paddy systems supplemented with Mb 

was significantly higher than in the paddy soil without 
Mb (control). Specifically, CH4 accumulation in paddy 
soil system supplemented with Mb-G40 reached 3.45 
± 0.12 mmol, which was 69% higher than that in the con-
trol (2.04 ± 0.06 mmol). CH4 accumulation increased by 
18–26% in the other Mb systems compared to that in the 
control. This suggests that biochar addition can enhances 
CH4 production in paddy soils.

The DOM concentration was determined by meas-
uring the TOC content in the supernatant of the paddy 
soil (Fig.  2b). Before incubation, the DOM concen-
tration in the paddy soil was 14.02 ± 0.05 g L−1. After 

Fig. 1  Preparation of a series of Mb samples with various conductivities

Fig. 2  Methane accumulation of paddy soil with and without Mb (a); TOC concentration of paddy soil before incubation and TOC concentration 
of paddy soil after incubation with and without Mb (b) (different letters indicate significant difference at p < 0.05)
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over 16 days of incubation, DOM concentrations sig-
nificantly decreased to 8.9–12.5% of the initial levels. 
This suggests that DOM, which serves as a carbon 
and energy source for microorganisms in paddy soil, 
is decomposed by microorganisms into compounds 
essential for their growth and metabolism.

Compared to the control (1.39 ± 0.09 g L−1), DOM 
concentrations in the Mb-G10 (1.72 ± 0.09 g L−1) and 
Mb-G20 (1.75 ± 0.11 g L−1) systems showed slight 
increases, whereas the DOM concentration in the 
Mb-G40 system (1.25 ± 0.17 g L−1) was comparable to 
that of the control. For instance, in the Mb-G40 sys-
tem, DOM was likely adsorbed by Mb-G40 because of 
its large specific surface area, leading to a lower DOM 
consumption than in the control. However, methane 
production in the control system was significantly 
lower than that in the Mb-G40 system. After analyz-
ing the DOM concentration, we examined the com-
position of the DOM samples. Five components were 
consistently identified in all DOM samples (Figure S2, 
Table S1). The composition of all DOM samples exhib-
ited a high level of similarity based on fluorescence 
intensity, predominantly comprising humic acid-like 
and fulvic acid-like substances.

3.2 � Electron transfer in the paddy soil was mainly 
mediated by DOM

Following the soil incubation experiment, electrochemi-
cal tests were conducted on the paddy soils using CV 
analysis. Figure S3 displays the curves obtained at vari-
ous scanning rates (ranging from 20 to 200 mV s−1). At a 
consistent scanning rate of 200 mV s−1, distinct oxidation 
and reduction peaks appeared at the potentials of 0.1 V 
and − 0.2 V, respectively (Fig. 3a). Compared to those in 
the control, the peak currents in the paddy soil systems 
increased after the application of Mb. More precisely, 
the absolute value of the reduction peak current in the 
Mb-G40 group was 213.5 ± 12.5 μA, approximately three 
times that of the control (71.8 ± 13.4 μA). As the conduc-
tivity of the Mb samples increased, the electrochemical 
response of the paddy soil system increased.

We mixed Mb with ultrapure water and scanned the 
CV curves at 200 mV s−1 (Figure S4a). No comparable 
peaks were observed at 0.1 V and − 0.2 V. Additionally, 
the DOM derived from biochar used in this experiment 
was washed with ethanol and dilute hydrochloric acid 
during the preparation process, which excluded the influ-
ence of the DOM derived from biochar on the experi-
mental results. A similar observation (Figure S4b) 
was made in solutions containing inorganic ions (Cl−, 
K+, Na+, Fe2+, PO4

3−, and SO4
2−) at concentrations 

Fig. 3  CV curves of paddy soil with and without Mb at 200 mV s−1 (a); the reduction peaks of the CV curves before and after removing completely 
DOM from the paddy soil without Mb (b) and with Mb-G0 (c), Mb-G10 (d), Mb-G20 (e) and Mb-G40 (f)
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significantly higher than those found in the paddy soil. 
Therefore, potential contributions of these inorganic ions 
to the CV peaks were excluded. DOM plays a significant 
role in electron transfer processes in soil and aquatic eco-
systems (Bai et al. 2023). Sun et al. found that the electro-
chemical activity of DOM was significantly stronger than 
that of minerals, inorganic ions, metal ions, and microor-
ganisms in soil (Sun et al. 2021). In conclusion, we specu-
late that the addition of Mb to this experimental system 
influences the electron transfer process of DOM in the 
soil, thereby affecting CH4 production.

To validate our hypothesis, we tested the CV curves of 
all the experimental groups after the complete removal of 
DOM (Figure S5). In all systems, the soil without DOM 
had no reduction peaks comparable to the results before 
DOM removal (Fig. 3b–f). These results indicate that the 
redox peaks observed in the CV curves were primarily 
due to the redox process of DOM, which is the main fac-
tor mediating redox reactions in paddy soil systems.

In a system with the addition of the same amount of 
Mb, when the scanning rate was gradually increased 
from 20 to 200 mV s−1, the oxidation and reduction peaks 
shifted towards positive and negative potentials, respec-
tively (Figure S3). For Mb-G40, the peak potential differ-
ence increased from 212 to 258 mV. The analysis revealed 
a strong linear relationship between the peak current 
and square root of the potential scanning rate (Figure 
S6a), confirming that the electrons transferred through 
the surface of the working electrode were controlled by 
the diffusion of substances in the paddy soil. Based on 
previous studies, this substance was identified as DOM. 
Further calculations showed a strict linear correlation 
between the peak potential and the square root of the 
potential scanning rate (Figure S6b), indicating that the 
redox reaction in the paddy soil was quasi-reversible 
(Sun et al. 2017).

3.3 � Increased methane production was due to higher 
conductivity of Mb

ETR in the paddy soil system was calculated using a CV 
curve (Fig. 4a). The ETR in the paddy soil increased with 
the conductivity of the Mb samples. Specifically, the ETR 
of Mb-G40 ((7.22 ± 0.61) × 10−4 μmol e− s−1) was signifi-
cantly higher than that of the other paddy soil systems, 
approximately three times greater than that of the con-
trol ((2.05 ± 0.42) × 10−4 μmol e− s−1). The conductivity of 
the Mb samples was positively correlated with the ETR in 
paddy soil (r = 0.70, p < 0.05) (Fig. 4b), indicating that the 
enhanced electron transfer in the paddy soil was mainly 
due to the conductivity of the Mb samples. This suggests 
that biochar particles may provide fast electron transfer 
tunnels in paddy soils through their conductivity (Liu 
et al. 2020).

Importantly, we observed a significant positive correla-
tion between CH4 production in paddy soils and ETR (r = 
0.85, p < 0.05) (Fig. 4c), indicating that Mb enhances elec-
tron transfer through its conductivity, thus promoting 
methanogenic reactions and CH4 generation. Further-
more, the BET surface areas of the Mb samples showed 
positive correlation with CH4 accumulation (r = 0.79, p < 
0.05) (Figure S7). The large specific surface area of bio-
char stores nutrients, provides a microenvironment for 
microorganisms, and offers more active sites for elec-
tron exchange among microorganisms, DOM, and Mb. 
Our findings align with previous research showing that 
increased surface area facilitates electron transfer during 
methanogenesis (Yu et al. 2015).

Previous research found no significant correlation 
between biochar conductivity and CH4 generation in 
anaerobic cultures using ethanol as a substrate (Yuan 
et  al. 2018). Their conductivity range (2.25 ± 0.06–28.53 
± 0.86 μS cm−1) was significantly narrower than the gra-
dient conductivity spectrum evaluated in this study (4.08 
× 10–10–0.43 S cm−1). This limited range may hinder the 
detection of conductivity-dependent effects on metha-
nogenesis. In contrast, the broader conductivity range 
of biochar in this study facilitated the identification of its 
impact on methanogenesis.

In addition to archaea in methanogenesis, other sub-
stances in paddy soils, including DOM and minerals, 
can restore electrons (Sun et al. 2021). We quantified the 
electron accumulation in the paddy soil by measuring the 
increase in the electron-supplying capacity of the paddy 
soil using hydrodynamic CV (Figs.  4d and S8). Com-
pared with that in the control (43.4 ± 0.2 μmol e− (g soil 
C)−1), the addition of Mb increased the electron accu-
mulation in paddy soil. Electron accumulation increased 
with increasing Mb conductivity. Specifically, the highest 
accumulated electrons were observed in Mb-G40 (52.5 
± 0.4 μmol e− (g soil C)−1), followed by Mb-G20 (49.9 
± 0.2 μmol e− (g soil C)−1), Mb-G10 (48.9 ± 0.1 μmol e− (g 
soil C)−1), and Mb-G0 (46.7 ± 0.3 μmol e− (g soil C)−1). 
The EDC of Mb ranged from 1.78 ± 0.06 to 4.27 ± 0.80 
mmol e− (g biochar)−1 across different graphene contents 
(Mb-G40 to Mb-G0) (Figure S9a–d). Similarly, the EAC 
of Mb varied from 0.23 ± 0.04 to 0.53 ± 0.05 mmol e− (g 
biochar)−1 for the same graphene content range (Mb-G40 
to Mb-G0) (Figure S9e–h). The increase in graphene con-
tent led to a gradual decrease in both EDC and EAC of 
Mb, indicating that the enhanced ETR observed in soil 
incubation experiments was not due to the biochar redox 
reaction. Instead, the parallel trends between ETR in 
paddy soil and the biochar conductivity suggest that the 
accelerated electron transfer in the soil was primarily due 
to its conductivity. This aligns with the findings of Sun 
et al. (2017), who proposed that the primary mechanism 
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of electron transfer in high-temperature biochar is con-
ductive electron transfer.

These studies indicated that the electron transfer pro-
cess in paddy soils is primarily driven by DOM diffu-
sion. Our study reveals that conductive biochar actively 
participates in DOM-mediated electron transfer, with its 
conductivity being crucial. High electrical conductivity in 
biochar (such as Mb-G40 with 0.43 S cm−1) significantly 
accelerates electron transfer through both biochar and 
DOM. The interactions between biochar and DOM are 
crucial to this process. Variations in the DOM adsorption 
mechanisms on biochar and the compositional changes 
of DOM upon adsorption influence electron transfer 
dynamics. Therefore, biochar effectively accelerated the 
electron transfer in the paddy soil (Fig. 5), resulting in the 
generation of more methane.

The relationship between ETR and methane produc-
tion is context-dependent, influenced by two critical 
factors: the availability of electron donors and the pres-
ence of competing electron acceptors. The primary issue 
is whether sufficient carbon sources (electron donors) 
exist within the system (Luo et al. 2022; Rao et al. 2017). 
Even with increased ETR, methane production is con-
strained by the low concentration of DOM. Insufficient 
DOM limits substrate decomposition and fails to supply 
adequate electrons, so higher ETR does not necessarily 
enhance methane production. Additionally, competition 
from alternative electron acceptors, such as sulfate, poses 
a challenge (Luo et  al. 2023; Zhao et  al. 2021). Sulfate-
reducing bacteria can outcompete methanogens through 
preferential electron capture, thereby suppressing metha-
nogenesis even with a substantial increase in ETR. Thus, 

Fig. 4  The ETR of paddy soil with and without Mb (a); linear correlation between logarithm of Mb conductivity and ETR of paddy soil with Mb (b); 
linear correlation between methane accumulation and ETR of paddy soil (c); the electron accumulation of paddy soil with Mb and without Mb (d) 
(different letters indicate significant difference at p < 0.05)
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there is no straightforward correlation between ETR and 
methane production in these contexts.

3.4 � Model biochar and AQDS experiment
To verify the enhanced effect of Mb on electron transfer 
mediated by DOM, we used AQDS as a model material 
for DOM and conducted electrochemical experiments 
with AQDS and Mb samples. The adsorption capacity of 
Mb for AQDS over time is shown in Fig.  6a. When the 
adsorption equilibrium was reached, compared with that 
of the control (0.08 ± 0.05 mmol L−1), the AQDS concen-
tration of Mb-G40 system under adsorption equilibrium 
was 1.40 ± 0.05 mmol L−1, representing the highest in 
all experimental groups. This result indicates that as the 
graphene content increased, coupled with changes in the 
Mb surface area, the larger surface area and rich pore 
structure of Mb facilitated more effective adsorption of 
AQDS.

Once the AQDS adsorption by Mb reached equi-
librium, the CV curves of the experimental group 
were measured using the same three-electrode sys-
tem (Figs. 6b, c and S10). The CV curves exhibited dis-
tinct oxidation and reduction peaks at 0.0 V and − 0.7 V, 
respectively, which aligns with the results of a previous 
study (Bai et al. 2020). Despite the decrease in the AQDS 
concentration, the electrochemical response of the sys-
tem increased after adsorption equilibrium with Mb-G40 
addition. The oxidation peak current of Mb-G40 (117.25 
μA) was higher than that of the control (103.80 μA), fol-
lowed by Mb-G20 (110.70 μA). The oxidation peak cur-
rent of Mb-G10 (96.67 μA) was the lowest among all 
groups. The CV curves of the pure Mb samples were 
also obtained (Fig.  6b, c), and no peaks were observed 
at the same potential. These results demonstrate that 
Mb adsorbed AQDS and accelerated electron transfer 
in the system in conjunction with AQDS. Based on the 
oxidation and reduction peaks in the CV curves, we cal-
culated the ETR of the Mb/AQDS systems (Fig. 6d). We 

found that the ETR in the systems gradually increased 
with increasing Mb conductivity, and the oxidation (6.33 
± 0.04 μmol e− (s mol AQDS)−1) and reduction rates 
(− 7.38 ± 0.04 μmol e− (s mol AQDS)−1) of the Mb-G40 
group were significantly higher than those of other 
groups. In contrast, the oxidation (4.33 ± 0.06 μmol e− (s 
mol AQDS)−1) and reduction rates (− 5.78 ± 0.08 μmol 
e− (s mol AQDS)−1) Mb-0 were almost identical to those 
of the control (4.08 ± 0.03 μmol e− (s mol AQDS)−1 and 
− 5.42 ± 0.04 μmol e− (s mol AQDS)−1). This indicates 
that the increase in Mb conductivity accelerated the ETR 
mediated by AQDS in solution, which is consistent with 
the conclusion that Mb can mediate electron transfer 
facilitated by DOM in paddy soil.

We also found that the ETRs of the soil incubation 
experimental groups were lower than those of the Mb 
and AQDS experimental groups. This may be because 
the Mb and AQDS experiments used AQDS as the sim-
ulated DOM substance. Pure AQDS is rich in quinone 
functional groups, which can effectively mediate electron 
transfer in the system. Furthermore, the Mb and AQDS 
experimental systems only had AQDS and Mb, result-
ing in less interference and, consequently, a higher ETR. 
However, DOM in soil is a complex mixture comprising 
functional groups such as amino acids, aromatics, and 
aliphatic groups containing O, N, and S, as well as com-
ponents that can effectively mediate electron transfer 
(Aeschbacher et al. 2010; Walpen et al. 2018). Therefore, 
electron transfer in the soil incubation experiments was 
likely hindered by the presence of soil inorganic ions, 
metal ions, and organic compounds. We also found that 
the ETR of Mb-G40 in the soil incubation experiment 
was significantly larger than that of the other groups, 
whereas in the Mb and AQDS experiments, the ETR 
of Mb-G40 was not much higher than that of the other 
groups. This difference may be related to the substantial 
enhancement in biochar conductivity. A drastic increase 
in biochar conductivity can lead to qualitative changes in 

Fig. 5  Mechanism of the electron transfer process with DOM and Mb in paddy soil
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various reactions of the paddy soil, significantly enhanc-
ing electron transfer within the paddy soil system and 
increasing the ETR.

3.5 � Analysis of microbial community structure
This study evaluated the microbial community of the sys-
tem at the end of cultivation, a stage where CH4 produc-
tion in the system stabilised and substrate hydrolysis and 
acidification were largely completed (Kim et  al. 2017). 
Following the addition of Mb, the Chao1 and Shannon 
indices of the bacterial community decreased compared 
with those of the control, whereas the indices for the 
archaeal community increased (Figure S11). Previous 
research has indicated that bacteria primarily contribute 
to CH4 production through substrate hydrolysis and acid-
ification, whereas archaea are more active in the metha-
nogenic stage (Park et al. 2018). Our findings suggest that 
the addition of Mb alters the abundance of bacterial and 

archaeal communities in paddy soil systems (Amin et al. 
2021). Theoretically, for the same ethanol content, meth-
ane generation by acetoclastic methanogenesis is lower 
than that by electron or hydrogenotrophic methanogen-
esis (Chen et al. 2022). We hypothesized that incorporat-
ing biochar into paddy soil systems alters the archaeal 
microbial community, facilitating a shift from acetoclas-
tic to electron and hydrogenotrophic methanogenesis. 
This transition reduces carbon source consumption while 
increasing methane production (Jiang et al. 2022).

The composition of bacterial and archaeal species 
at the genus level are shown in Fig.  7a, b, respectively. 
Clostridium was the dominant bacterial genus across all 
experimental systems, with a relative abundance rang-
ing from 14.5% to 27.2%. This genus primarily contrib-
utes to the hydrolysis and acidification of organic matter 
(Kim et  al. 2017; Verma et  al. 2021). Geobacteraceae, a 
crucial species involved in hydrolysis and acidification, 

Fig. 6  The adsorption curves of AQDS without Mb (control) and with Mb-G0, Mb-G10, Mb-G20 and Mb-G40 (a); oxidation peak (b) and reduction 
peak (c) in the CV curves of just Mb in solution and both AQDS and Mb in solution at the scan rate of 800 mV s−1; the ETR of AQDS with and without 
Mb addition (d)
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can oxidise acetic acid and transfer electrons to metha-
nogenic archaea (Ali et al. 2019). The abundance of Geo-
bacteraceae in paddy soils amended with Mb (ranging 
from 3.0 to 6.1%) was notably higher than that in the 
control (1.4%). We hypothesised that the addition of Mb 
to paddy soil enhances electron transfer from Geobacte-
raceae to archaea, thus promoting methanogen growth 
and increasing CH4 production.

In this study, Methanosaeta and Methanothrix were 
two common species capable of utilising acetic acid for 
energy and CH4 production (Holmes and Smith 2016; 
Verma et  al. 2021), and their abundance in paddy soil 
without Mb were 7.8% (Methanosaeta) and 8.1% (Meth-
anothrix), which was significantly higher than that in 
paddy soil with Mb addition (5.4–6.8%, Methanosaeta; 
4.3–6.1%, Methanothrix). This indicated that the con-
tribution of acetoclastic methanogenesis was higher in 
the control group. Meanwhile, Methanobacterium, the 
primary methanogenic archaea in paddy soil systems, 
is a prevalent hydrogenotrophic methanogen that uses 
H2 as an electron shuttle to reduce CO2 to CH4 (Park 
et  al. 2018; Rotaru et  al. 2014). Additionally, Methano-
bacterium can directly accept electrons through direct 
interspecific electron transfer to reduce CO2 to CH4 
(Verma et al. 2021). Compared with the control (33.0%), 
the abundance in the paddy soil supplemented with Mb 
increased from 33.8 to 40.6%. Additionally, Methanoreg-
ula, Methanolobus, and Methanolina are all electron and 
hydrogenotrophic methanogenic archaea (Holmes and 
Smith 2016), and their abundance increased in the paddy 
soil after the addition of Mb. The variations in archaeal 
abundance indicate a shift in the CH4 production path-
way from acetoclastic to electron and hydrogenotrophic 

methanogenesis following the addition of Mb, supporting 
our hypothesis from the DOM section.

However, we found no significant differences in the 
relative abundance of other archaeal species across the 
Mb treatments from Mb-G0 to Mb-G40. This lack of sig-
nificant change could be attributed to the relatively short 
incubation period during which the community struc-
ture may not have undergone substantial shifts. Biochar 
and DOM can both function as electron shuttles, facili-
tating electron transfer between bacteria and archaea 
and thereby promoting CH4 generation (Zhang et  al. 
2021). Our results confirmed that the addition of bio-
char enhanced the electrochemical activity of DOM in 
the system, leading to more active microbial growth and, 
consequently, increased CH4 production. The effective-
ness of this enhancement depends on the conductivity of 
biochar.

4 � Conclusion
Biochar samples with different conductivities were pre-
pared by incorporating varying amounts of graphene. 
The samples were applied to a paddy soil system to 
assess the effects of biochar conductivity on CH4 pro-
duction. The results showed that CH4 yield in paddy soil 
increased with higher biochar conductivity, independent 
of the methanogenic archaeal community, primarily due 
to enhanced ETR within the system. Biochar conductiv-
ity intensified ETR facilitated by DOM. This conclusion 
was further validated through experiments using biochar 
and AQDS, which are model compounds for DOM. This 
study provides valuable insights into the mechanisms by 
which biochar conductivity influences methanogenesis in 
paddy soils, and offers a theoretical basis for evaluating 

Fig. 7  The relative abundances of the top 10 genera identified in the bacteria (a) and archaeal (b) communities
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the effects of biochar on greenhouse gas emission, par-
ticularly in paddy soil ecosystems.
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