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Pyrolysis temperature determines aging 
effects on the electron transfer and exchange 
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Abstract 

Pyrogenic carbon (PyC) possesses electron transfer and exchange capabilities that can facilitate redox reactions in var-
ious geochemical and biochemical processes. The long-term environmental persistence of PyC makes it susceptible 
to substantial alterations in its physical and chemical properties through aging. However, there is a lack of research 
on how aging impacts PyC’s electron transfer and exchange properties. This study investigated the effects of aging 
on PyC samples derived from four feedstocks and prepared at two different pyrolysis temperatures. Three aging meth-
ods, including chemical aging, freeze–thaw cycling, and natural aging over a year, were employed. The results indicate 
that aging significantly enhanced the conductivity of certain PyC samples produced at 350 °C by more than three 
orders of magnitude, potentially attributed to the enrichment of redox-active functional groups. Conversely, for PyC 
produced at 750 °C, aging damaged the polyaromatic carbon matrices, resulting in reduced conductivity. Aging 
was found to decrease the electron-donating capacity (EDC) while increasing the electron-accepting capacity (EAC) 
of PyC produced at 350 °C, primarily due to a reduction in electron-donating C–OH groups and an increase in elec-
tron-accepting O–C=O groups. These findings shed light on the aging effects on the electron transfer and exchange 
properties of PyC and offer valuable insights for assessing PyC’s role in biogeochemical processes.

Highlights 

•	 Aging significantly enhanced the conductivity of PyC produced at 350 °C.
•	 Aging damaged the polyaromatic carbon matrices and reduced the conductivity of PyC produced at 750 °C.
•	 Aging led to lower EDC and higher EAC by converting C–OH to O–C=O of PyC produced at 350 °C.

Keywords  Pyrogenic carbon, Aging, Conductivity, Electron transfer properties, Polyaromatic carbon matrices

†Mulin Cao and Hao Ren 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/s42773-025-00546-z&domain=pdf


Page 2 of 15Cao et al. Biochar            (2026) 8:29 

Graphical Abstract

1  Introduction
Pyrogenic carbon (PyC) is a porous, carbon-rich solid 
material formed through incomplete pyrolysis of organic 
matter during natural or anthropogenic fires (Kuhlbusch 
and Crutzen 1995; Santín et  al. 2016). It is widespread 
in both aquatic and terrestrial environments, manifest-
ing as charcoal, biochar, and black carbon (Schmidt and 
Noack 2000; Si et al. 2023). PyC, a significant component 
of natural organic matter (Saha et  al. 2019; Schievano 
et  al. 2019), constitutes over 30% of total organic car-
bon in surface soil (Bird et al. 2015; Reisser et al. 2016). 
Importantly, PyC regulates redox reactions that drive key 
geochemical and biochemical transformations in aquatic 
and terrestrial systems, impacting processes such as car-
bon and nitrogen cycling (Sun et al. 2017), mineral trans-
formations (He et al. 2019; Kappler et al. 2014), and the 
transformation of organic pollutants (Li et  al. 2019; Xu 
et al. 2016, 2013).

PyC participates in the redox reactions in the bio-
geochemical cycles based on its electron transfer and 

exchange properties. The electron transfer proper-
ties of PyC are based on the conductive structures of 
PyC such as condensed polyaromatic carbon matri-
ces, and can be reflected by its conductivity (Xu et  al. 
2013). Similarly, the electron exchange properties of 
PyC (i.e., the accepting/donating of electrons) typi-
cally occur through the redox moieties of PyC (e.g., 
quinone/hydroquinone) (Klüpfel et  al. 2014), and are 
typically assessed through the mediated electrochemi-
cal approach (Chacón et  al. 2017; Prado et  al. 2019). 
Pyrolysis temperature is a key factor affecting the elec-
tron transfer capacity of PyC. Generally, the aromatic-
ity/graphitization and specific surface area increase 
while the aliphaticity and oxygen contents decrease 
with increasing pyrolysis temperature. At low pyrol-
ysis temperatures, redox-active functional groups 
mainly contribute to the electron transfer and exchange 
capacities for the PyC. At high pyrolysis temperature, 
PyC obtained by carbonization has better crystallin-
ity and conductivity, and the electron transfer through 
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carbon matrices becomes dominant (Chacón et  al. 
2017; Mohan et  al. 2007; Yuan et  al. 2022, 2017). PyC 
derived from different feedstocks, such as lignin and 
cellulose, was discovered to exhibit different phys-
icochemical characteristics and electron transfer and 
exchange properties (Klüpfel et al. 2014).

PyC exhibits long-term stability in the natural 
environment, with retention times reaching up to 
1000  years (Baker et  al. 2011). Once entering into the 
soil, PyC undergoes aging processes that modify its 
physicochemical properties, including specific surface 
area and surface functional groups (Mia et  al. 2017; 
Quan et al. 2020). For example, aging could lead to the 
formation of more acidic functional groups on its sur-
face (e.g., carboxyl and carbonyl groups) (Chang et  al. 
2019; Wang et  al. 2019). The aging of PyC has been 
extensively studied, with a focus on the physicochemi-
cal properties and pollutant adsorption characteristics 
of PyCs (Tan et al. 2020; Zhao et al. 2015). These stud-
ies have demonstrated the significant impact of aging 
on the core functions of PyC. However, the variation 
patterns of the electrochemical properties, such as elec-
tron transfer and exchange abilities, during the aging 
process remain unexplored. This research gap limits 
the comprehensive understanding of the environmental 
behavior of PyC, necessitating systematic investigation.

In this study, PyC samples derived from four feed-
stocks and prepared at two pyrolysis temperatures 
were subjected to three aging methods: chemical aging, 
freeze–thaw cycling, and natural aging (one year). 
Chemical aging, an artificial accelerated aging method 
employed to mimic natural aging processes, was used 
to significantly reduce observation times and simu-
late the effects of long-term environmental exposure 
(Zhao et  al. 2023). Additionally, PyC aging can occur 
due to freeze–thaw events in seasonally frozen areas. 
The study accelerated these processes by employing an 
artificial freeze–thaw cycling aging method (Gao et al. 
2021). Natural aging (one year) was also included to 
analyze the combined influence of multiple environ-
mental factors on aging processes (Dong et  al. 2017; 
Wang et  al. 2021). The transformation of physical and 
chemical properties can influence electron transfer and 
exchange processes. We propose that aging modifies 
the electron transfer and exchange properties of PyC 
by introducing redox-active functional groups and by 
restructuring the polyaromatic carbon structure. This 
study aims to comprehensively elucidate the effects of 
aging processes on the electron transfer and exchange 
properties of PyC. A thorough understanding of these 
changes is crucial for evaluating the role of PyC in bio-
geochemical processes.

2 � Materials and methods
2.1 � Preparation of PyC
In this experiment, four biomass feedstocks were uti-
lized: wood chips (W), straw (S), lignin (L), and cellulose 
(C). Wood chips (W) was sourced from pine wood, rep-
resenting a common woody biomass known for its high 
lignin content. Straw (S) was obtained from rice straw, 
representing a typical biomass derived from herbaceous 
plants. Wood chips and straw represented composite bio-
mass, while lignin and cellulose represented pure compo-
nents of biomass. The biomass feedstock was pyrolyzed 
in a muffle furnace (SX-4-10, China) under continuous 
N2 flow, with a heating rate of 10 °C/min and a residence 
time of 2 h. According to a previous study, the electron 
transfer through PyCs produced at  pyrolysis tempera-
tures below 400 °C and above 700 °C was based on func-
tional groups and carbon matrices, respectively (Sun 
et al. 2018). Therefore, the pyrolysis temperatures in this 
study were set at 350 °C and 750 °C. Following pyrolysis, 
the PyC samples were directly sieved through a 180-mesh 
sieve for further use. The PyC samples were designated as 
X350 or X750, where X represents the feedstock of PyC. 
PyC samples before aging were denoted as BA.

2.2 � Aging processes of PyC
During the chemical aging process, PyC samples were 
mixed with a 15% H2O2 solution at a ratio of 1:20 (mass 
to volume) and placed in 50  mL centrifuge tubes. The 
mixture was then continuously agitated in a shaker at 
25 °C for 12 h (Tan et al. 2020; Wu et al. 2019; Zhao et al. 
2023). Following chemical aging, the PyC samples were 
rinsed with ultrapure water and subsequently dried in an 
oven at 105 °C. All chemically aged samples were desig-
nated with the prefix “CA”.

During freeze–thaw aging, PyC samples were mixed 
with purified water at a ratio of 1:20 (mass to volume) 
and placed in 50 mL centrifuge tubes. After agitation at 
160  rpm for 2  h, the samples underwent freeze–thaw 
cycles: initially, the centrifuge tubes were placed in a 
laboratory refrigerator at − 49 °C for 6 h and then trans-
ferred to a constant temperature environment for 18  h 
(Gao et al. 2021; Hale et al. 2011; Zhang et al. 2019). After 
experiencing 30 such cycles, the PyC samples were dried 
in an oven. All samples following freeze–thaw aging were 
designated with the prefix “FA”.

During the natural aging process, soil samples obtained 
from Kunming, China underwent pretreatment involving 
drying, grinding, and sieving through a standard 10-mesh 
sieve to remove large gravel particles, residual roots, and 
crushed stones. PyC samples were fixed using nylon mesh 
(0.075 mm) and embedded into the soil sample at a depth 
of 5 cm over one year. Gravimetric irrigation was carried 
out every five days until soil moisture reached 40%. The 
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detailed incubation methodology can be found in SI (text 
S1) (Gámiz et al. 2019; Rechberger et al. 2017). After the 
experiment was completed, PyC was extracted from the 
soil sample, washed with ultrapure water, and then dried 
in an oven at 105 °C. All samples following natural aging 
were designated with the prefix “NA”. In order to ensure 
uniformity in the washing process during aging, all PyC 
samples underwent the same treatment. This involved 
rinsing with ultrapure water and subsequent oven dry-
ing at 105 °C. These samples were labeled with the prefix 
“W”.

2.3 � Electron transfer and exchange properties of PyC
The conductivity of PyCs was measured using the con-
ductivity tester (ST2722, Suzhou Jingge Electronics, 
China) with a four-electrode method (see SI text S2) 
(Miccoli et  al. 2015). The conductivity at different tem-
peratures was determined with a heater located at the 
bottom of the conductivity tester, which was employed to 
elevate the temperature from 27  °C to 100  °C. After the 
temperature stabilized, the conductivity tester measured 
the conductivity at different temperatures.

The electron donating capacities (EDCs) and elec-
tron accepting capacities (EACs) of all PyC samples 
were determined using mediated electrochemical oxi-
dation (MEO) and mediated electrochemical reduction 
(MER) methods (Aeschbacher et  al. 2010; Klüpfel et  al. 
2014). These measurements were conducted at applied 
potentials of + 0.61  V and − 0.49  V (vs. Ag/AgCl refer-
ence electrode), respectively. Typically, measurements 
were performed in a three-electrode system compris-
ing a glass carbon cylinder (60 mL) as the working elec-
trode, a platinum wire as the counter electrode, and an 
Ag/AgCl electrode as the reference electrode. Diquat 
dibromide monohydrate (DQ) or 2, 2’-azino-bis-(3-ethyl 
benzothiazoline-6-sulfonate) diammonium salt (ABTS, 
> 98%) was added as an electron transfer mediator into 
the glass carbon cylinder, which contained a buffer solu-
tion (0.1 mol/L KCl, 0.1 mol/L phosphate, pH = 7). Upon 
reaching equilibrium current at a fixed potential, the 
addition of PyC suspensions (5  g/L) induced significant 
oxidation and reduction peaks. The EDCs and EACs of 
PyC samples were calculated by integrating the subse-
quently generated current peak values using the equa-
tions below:

IMEO is the current generated during oxidation, IMER 
is the current generated during reduction [A]. F is the 

(1)EDC =

∫
IMEOdt
F ·mPyC

(2)EAC =

∫
IMERdt

F ·mPyC

Faraday constant [96485 C/mol e−], t is the time [sec], 
mPyC is the mass of PyC added to the system [g], and 
EDC/EAC is in mmol e−/g.

2.4 � Characterization of PyC
The variation of surface functional groups in PyC after 
the aging process was investigated using X-ray photo-
electron spectroscopy (K-Alpha, Thermo Fisher Scien-
tific, USA) and Fourier transform infrared spectroscopy 
(Nicolet iS50, Thermo Fisher Scientific, USA). The peak 
assignments of the XPS and FTIR spectra are shown in 
Table S1 and S2. The XPS spectra were calibrated accord-
ing to the C1s peak (284.8  eV), smoothed and peak fit-
ted by XPSPEAK software. The C1s peaks were fitted 
with sp2 (284.6 eV), sp3 (285.2 eV), C–O (286.8 eV), C=O 
(288.9  eV), and π–π* (291.0  eV) features (Varga et  al. 
2017). The O1s peaks were fitted with quinone (531.2 eV), 
C=O (532.5 eV), C–OH (533.7 eV), and –COOH (534.3–
535.4 eV) features (Li et al. 2020). The Raman measure-
ment was conducted by Raman spectroscopy (Horiba 
Jobin Yvon XploRA, HORIBA, France) to character-
ize the ordered and amorphous carbon. The acquired 
data were baseline corrected in the wavelength range of 
800–2000 cm−1, and the ID/IG values were determined by 
comparing the peak height of the D-peak and the G-peak 
on the plotted area. Particle size analysis of PyC was con-
ducted using a size analyzer (Mastersizer 2000 particle, 
Malvern, UK). The specific surface areas of PyC samples 
were determined using a surface area analyzer (Auto-
sorb IQ, Kantar Instruments, USA). The surface and pore 
structure of PyC were observed using a scanning electron 
microscope (Regulus 8230, Hitachi, China).

3 � Results and discussion
3.1 � Aging‑induced reduction of conductivity in PyC 

at 750 °C attributed to damage of polyaromatic carbon 
matrices

As the pyrolysis temperature rises, components like 
lignin and cellulose decompose, forming polyaro-
matic carbon structures (Klüpfel et  al. 2014; Sun et  al. 
2017). The conductivities of PyC produced at 750  °C 
ranged from 0.1 to 5.0 S/cm (Fig.  1a), representing 
a  108–1011-fold increase compared to those produced at 
350 °C (Fig. 2a). Notably, L750 exhibited the highest con-
ductivity (4.65 S/cm), significantly exceeding other PyC 
samples (0.43 to 1.53 S/cm). However, aging led to a gen-
eral conductivity decline in most PyC samples produced 
at 750 °C. Enhancement rates below one confirmed this 
conductivity reduction (Fig.  1b). Post-aging analysis 
revealed that the average conductivities of PyC produced 
at 750  °C decreased to 0.65, 0.58, and 0.31 times their 
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original values after chemical aging, freeze–thaw aging, 
and natural aging, respectively (Fig. 1b).

The conductivity of PyC produced at 750  °C showed 
a significant positive correlation with the ID/IG ratio 
(Fig.  1c, p  < 0.05). Higher ID/IG values reflect greater 
structural ordering in PyC’s polyaromatic carbon matri-
ces, enabling more efficient electron transfer pathways 
and thus enhancing conductivity (Sun et  al. 2017). Pre-
vious research has demonstrated that feedstocks with 
higher lignin content promote the formation of these 
well-ordered polyaromatic structures in PyC (Wang et al. 
2020). Accordingly, L750 exhibited the highest conduc-
tivity (4.65 S/cm) prior to aging (Fig. 1a). Aging reduced 
the ID/IG ratios by 3.39% (CA) and 6.42% (NA) (Fig. S1), 
damaging the polyaromatic carbon matrices and lead-
ing to the decline in conductivity. Furthermore, negative 
correlations were observed between conductivity and 

oxygen-containing functional groups (C–O and O–C=O 
groups) (Fig. 1d and e). The aging process driven by biotic 
and abiotic oxidation increased the abundance of these 
oxygen-containing functional groups, which impeded 
electron transfer through the carbon matrices (Fan 
et al. 2018). Water washing also reduced the conductiv-
ity of PyC produced at 750  °C to 43% of its initial value 
(Fig. 1b). The mean ID/IG ratio decreased to 0.91 times its 
original value after water washing (Fig. S1e), further sup-
porting the conclusion that water washing can disrupt 
the polyaromatic carbon structure of PyC produced at 
750 °C (Çetin et al. 2013). However, no significant differ-
ence in ID/IG ratio was observed between NA and W (Fig. 
S33), indicating that in addition to polyaromatic carbon 
structural changes, microbial degradation and abiotic 
oxidation during natural aging also contribute to elec-
trical conductivity reduction. These processes increase 

Fig. 1  The conductivity of pyrogenic carbon (PyC) produced at 750 °C (a). Comprehensive analysis of conductivity variation induced by aging (b). 
Linear relationships between conductivity and ID/IG ratio (c), C–O content (d), and O–C=O content (e). The PyC samples were designated as X750, 
where X represents the feedstock of PyC: wood chips (W), straw (S), lignin (L), and cellulose (C). Five treatments were applied: before aging (BA), 
chemical aging (CA), freeze–thaw aging (FA), natural aging (NA), water washing (W)
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oxygen-containing functional groups (e.g., C–O and O–
C=O) that impede electron transfer (Rechberger et  al. 
2017). Furthermore, certain oxygen-containing func-
tional groups that may enhance conductivity are hydro-
philic and could be lost during water washing.

3.2 � Aging‑induced increase in conductivity of PyC 
produced at 350 °C attributed to the enrichment 
of redox‑active functional groups

As shown in Fig. 2a, the conductivities of PyC produced 
at 350  °C remained consistently below 1 × 10−8 S/m. 
At this temperature, PyC primarily consists of aliphatic 
carbon, which exhibits limited electron transfer capa-
bility (Ameloot et  al. 2013). Sample S350 demonstrated 
a conductivity of 1.59 × 10−9 S/cm, significantly higher 
than that of the other three samples (2.08 × 10−12 to 
1.62 × 10−11 S/cm). An enhancement rate greater than 
one indicated that aging positively influenced PyC con-
ductivity. As evidenced in Fig.  2b, most enhancement 

rates exceeded one, confirming that aging increased 
the conductivity of PyC produced at 350  °C. The aver-
age enhancement rates followed this descending order: 
CA, NA, and FA (Fig.  2b). Specifically, aging increased 
the conductivity of PyC produced at 350 °C by factors of 
6539.75 (CA), 240.44 (NA), and 9.53 (FA), correspond-
ing to logarithmic values of 3.61, 1.27, and 0.74, respec-
tively. These results demonstrate that aging significantly 
improves the conductivity of PyC produced at 350  °C, 
with chemical aging exhibiting the most pronounced 
effect.

A significant positive correlation was observed 
between the conductivities of PyC produced at 350  °C 
and their O/C ratios (p < 0.01), as depicted in Fig.  2c. 
This correlation suggests that the increased conductivity 
of PyC produced at 350 °C after aging can be attributed 
to the formation of additional oxygen-containing func-
tional groups. Notably, PyC sample S350, with the high-
est O content (24.97%, Fig. S10a), showed the highest 

Fig. 2  The conductivity of PyC produced at 350 °C (a). Comprehensive analysis of conductivity variation induced by aging (b). Linear relationships 
between conductivity and O/C ratio (c), quinone content (d), and C=O content (e)
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conductivity among the four PyC samples produced at 
350  °C. Further analysis, shown in Fig. S10c, indicated 
that all aging processes led to an increase in the O/C ratio 
for PyC produced at 350  °C. Among these processes, 
chemical aging exhibited the most significant promotion 
effect on the O/C ratio, with an average enhancement 
rate of 3.02 times, surpassing the enhancement rates 
observed for freeze–thaw aging and natural aging, which 
had average enhancement rates of 1.18 and 1.74 times, 
respectively.

The study revealed a significant positive correlation 
between the conductivities of PyC produced at 350  °C 
and the content of quinone and carbonyl (–C=O) groups 
(Fig. 1d and 1e). The average quinone content increased 
by 2.67, 1.27, and 2.22 times the original PyC content 
following chemical aging, freeze–thaw aging, and natu-
ral aging, respectively (Fig. S19). Similarly, the average 
carbonyl (–C=O) group content increased by 2.35, 1.23, 
and 1.56 times the original PyC content after chemi-
cal aging, freeze–thaw aging, and natural aging, respec-
tively (Fig. S28). The oxidation induced by H2O2 during 
chemical aging and microbial oxidation activities dur-
ing natural aging resulted in a significant rise in oxygen-
containing functional groups like quinones and carbonyls 
on the PyC surface (Liu and Fan 2022; Saeed et al. 2019). 
One-year natural aging reveals early-stage aging mecha-
nisms where rapid surface oxidation precedes structural 
changes (Dong et  al. 2017). These observations under-
score the importance of oxygen-containing functional 
groups, particularly quinones and carbonyls, in enhanc-
ing the electrical conductivity of PyC. Furthermore, all 

three aging processes involved a hydro-washing effect 
to some extent, which reduced the conductivity of PyC 
produced at 350 °C (Fig. 1b). This suggests that the con-
ductivity improvement from aging at 350  °C primarily 
stems from the increase in oxygen-containing functional 
groups rather than hydrodynamic washing effects.

It has been consistently emphasized that PyC contains 
redox-active functional groups and polyaromatic carbon 
matrices, both of which facilitate electron transfer (Sun 
et al. 2018). In this study, we demonstrated that the con-
ductivity of PyC produced at 350 °C is mainly driven by 
electron transfer processes involving “redox-active moi-
eties”, specifically oxygen-containing functional groups, 
rather than conductive polyaromatic carbon matrices 
(Dasgupta et  al. 1991; Fan et  al. 2018). This was sup-
ported by the mechanism wherein p orbitals on oxygen-
containing functional groups such as the –C=O group 
can create a conjugated structure through superposi-
tion, enabling electron transfer via alternating single 
and double bonds (Jackson et al. 2013; Saha et al. 2019). 
Compared to polyaromatic carbon matrices, the electron 
transfer process through redox-active functional groups 
is more influenced by molecular thermal motion (Eckert 
et al. 1988; Helmbold et al. 1995). As the testing tempera-
ture increased from 27 °C to 100 °C, the conductivity of 
PyC produced at 350 °C significantly increased (Fig. 3a). 
In contrast, the conductivity of PyC produced at 750 °C 
remained constant. This test further confirmed that the 
conductivities of PyC produced at 350 °C and 750 °C pri-
marily depend on oxygen-containing functional groups 
and polyaromatic carbon matrices, respectively.

Fig. 3  The conductivity variation of pyrogenic carbon at different temperatures (a). Schematic diagram of the electron transfer mechanisms 
of pyrogenic carbon produced at 350 °C and 750 °C (b)
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Conductivity of PyC produced at 350  °C is predomi-
nantly governed by redox-active functional groups, a 
common feature observed in various polymer materi-
als (Akhoury et  al. 2013). A filament characterized by 
π-stacking of aromatic side chains, exhibits a conduc-
tivity of approximately 1 × 10−6 S/cm (Gu et  al. 2021). 
Cryo-EM analysis of the filament structure showed an 
average distance of 10 Å between aromatic residues. As 
electron transfer efficiency decreases with greater dis-
tances, the lower conductivity of PyC produced at 350 °C 
compared to the filament implied that the separations 
between redox-active functional groups in PyC produced 
at this temperature exceed 10 Å. Previous studies on PyC 
conductivity primarily have emphasized the polyaro-
matic carbon matrices as the foundational framework 
for electron transfer (Sun et al. 2017). Our investigation 
demonstrates that redox moieties, including oxygen-
containing functional groups, may also play a role in elec-
tron transfer in PyC produced at relatively low pyrolysis 
temperatures.

3.3 � Aging effects on EDC of PyC
As shown in Fig. 4a, the EDCs of PyC produced at 350 °C 
ranged from 0.05 to 0.35 mmol e−/g prior to aging. Spe-
cifically, PyC derived from lignin (L350) exhibited an 
EDC of 0.19 ± 0.05 mmol e−/g, which was higher than that 
of PyC derived from cellulose (C350, 0.05 ± 0.01  mmol 
e−/g). Consequently, the EDC of W350 (0.35 ± 0.09 mmol 
e−/g), primarily sourced from lignin, exceeded that of 
S350 (0.15 ± 0.05  mmol e−/g). After aging, most EDCs 
of PyC produced at 350  °C exhibited a decreasing trend 
(Fig.  4b). On average, EDCs were reduced to approxi-
mately 0.48 and 0.5 times their original values after 
freeze–thaw aging and natural aging, respectively. In 
contrast, the EDC of C350 significantly increased from 
0.05 ± 0.007  mmol e−/g (BA) to 0.19 ± 0.035  mmol e−/g 
and 0.07 ± 0.01 mmol e−/g after chemical aging and natu-
ral aging, respectively (Fig. 4a).

As illustrated in Fig. 4c, the EDC of PyC produced at 
350  °C demonstrated a significant positive correlation 
with the C–OH content (p < 0.01), known for its elec-
tron donating ability (Prévoteau et  al. 2016; Saquing 
et al. 2016). Aging processes typically convert the C–OH 
groups in PyC to higher oxidation state groups like car-
bonyl (C=O) and carboxyl (O–C=O) groups (Nie et  al. 
2019). As shown in Fig. S29, except for C350, the average 
C–OH contents of PyC produced at 350 °C decreased to 
0.74 and 0.67 times of the original levels after chemical 
aging and natural aging, respectively. Conversely, the C–
OH content of C350 increased by factors of 1.20 and 1.12 
after chemical aging and natural aging, respectively (Fig. 
S29). Furthermore, FTIR analysis revealed that chemical 
aging significantly increased the peak areas associated 

with C–OH groups in C350 (Fig. S30). This distinct 
behavior can be attributed to the unique composition of 
cellulose, a polymer comprising glucose molecules linked 
by β-1,4-glycosidic bonds (Costantini et  al. 2020). Dur-
ing PyC aging, cleavage of these glucose units generated 
products with elevated phenolic group content (Wang 
et al. 2023), which contributed to the observed increase 
in EDC for aged C350 samples.

At 750  °C, L750 showed the highest EDC value of 
0.14 ± 0.01  mmol e−/g, while other PyC samples dis-
played EDCs ranging from 0.02 to 0.08  mmol e−/g 
(Fig. 4a). FTIR analysis revealed that most surface func-
tional groups of PyC samples had decomposed at 750 °C, 
leaving trace amounts of ether (1110  cm−1) and phenol 
groups (3200–3500  cm−1) (Fig. S30). The phenol peak 
area of L750 was the most prominent among the PyC 
samples, contributing to its highest EDC value (Fig. 4a). 
A significant negative correlation was observed between 
PyC EDCs and C=O content, as C–OH groups on the 
surface were converted to C=O upon aging, leading to 
reduced EDC levels (Chang et al. 2019; Wang et al. 2019). 
However, the EDCs of PyC produced at 750  °C did not 
consistently decrease after aging (Fig.  4d), suggesting 
the involvement of other influencing factors. The con-
tent of electron-donating functional groups like C–OH 
was significantly lower in PyC produced at 750  °C than 
in PyC produced at 350  °C. Additionally, the physical 
and chemical characteristics of PyC produced at 750  °C 
varied depending on the type of feedstock. Our results 
indicate that PyC derived from cellulose-rich biomass 
(S750 and C750) consistently exhibited enhanced EDC 
after chemical aging and natural aging treatments. This 
phenomenon is attributed to the unique polymer struc-
ture of cellulose, which offers superior microbial accessi-
bility compared to lignin. As a result, PyCs derived from 
cellulose decompose rapidly during aging processes, 
leading to the generation of phenolic oxidation prod-
ucts that boost EDC (Lyu et al. 2021; Wang et al. 2023). 
These feedstock-specific aging patterns have significant 
environmental implications for long-term applications. 
Cellulose-derived PyC’s ability to enhance EDC suggests 
a potential to stimulate microbial metabolic processes by 
providing sustained electron donation, while PyC derived 
from lignin is expected to exhibit more stable behavior.

3.4 � Aging effects on EAC of PyC
The EAC of PyC produced at 350  °C was relatively low, 
ranging from 0.04 to 0.05  mmol e−/g (Fig.  5a). How-
ever, chemical aging significantly increased the EACs 
of PyC produced at 350  °C, with an average enhance-
ment rate of 3.41. In contrast, natural aging reduced 
the EACs of all PyC produced at 350 °C to an average of 
3.65% of their original values (Fig. 5b). A strong positive 
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Fig. 4  The electron donating capacities (EDCs) of PyC before and after aging (a). Comprehensive analysis of EDC variation of PyC produced 
at 350 °C due to aging (b). Linear relationship between EDCs and the content of C–OH (c). Comprehensive analysis of EDC variation of PyC 
produced at 750 °C due to aging (d). Linear relationship between EDCs and the content of C=O (e)
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Fig. 5  The electron accepting capacities (EACs) of PyC before and after aging (a). Comprehensive analysis of EACs of PyC produced at 350 °C (b). 
Linear relationship between EACs and the content of O–C=O (c). Comprehensive analysis of the O–C=O content of PyC produced at 750 °C (d). 
Comprehensive analysis of EACs of PyC produced at 750 °C (e)
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correlation was observed between EAC and the content 
of O–C=O (p < 0.01, Fig. 5c), attributed to their electron-
accepting capability (Saha et  al. 2019). FTIR analysis 
(Fig. S30) revealed the formation of a new –COOH peak 
(1692  cm−1) in PyC produced at 350  °C after chemical 
aging, indicating rapid oxidation of phenolic hydroxyl 
groups to electron-accepting carboxyl groups. Addition-
ally, chemical aging increased the specific surface area of 
PyC by 22.57-fold compared to that of the before aging 
samples (Fig. S31). This expansion in surface area likely 
exposed more redox-active moieties, further enhancing 
electron acceptance. Collectively, these findings demon-
strated that chemical aging substantially improves the 
electron-accepting properties of PyC produced at 350 °C 
by increasing both the abundance and accessibility of 
electron-accepting functional groups.

Following natural aging, the –COOH content of PyC 
produced at 350  °C increased by 1.74 times compared 
to pre-aging levels, yet the EAC decreased consistently. 
Natural aging resulted in the enrichment of minerals on 
all PyC surfaces, notably with a significant increase in Si 
content to 4.46% (Fig. S32). Moreover, an increase in Ca 
content was observed in W350, S350, and C350 samples. 
Previous studies have suggested that minerals can cre-
ate organometallic complexes on the PyC surface during 
natural aging, leading to a reduction in EAC (Wang et al. 
2021; Yang et  al. 2016). This phenomenon suggests that 
long-term PyC application may mitigate greenhouse gas 
(CO₂/CH₄/N₂O) emissions through the physical cover-
age of electrochemically active surfaces by mineral coat-
ings. The ID/IG values of PyCs produced at 350  °C were 
apparently lower than those of BA (Fig. S33), indicat-
ing a lower condensed carbon content, which is crucial 
for the redox properties of PyC as an electron acceptor 
(Li et al. 2020). The decrease in condensed carbon con-
tent after natural aging primarily contributed to the 
decline in EAC. Therefore, while natural aging increases 
certain electron-accepting functional groups such as –
COOH, the formation of organometallic complexes and 
the reduction in condensed carbon content significantly 
diminish the EAC of PyC. Chemical aging is commonly 
employed to expedite the aging process and replicate nat-
ural aging procedures (Zhao et  al. 2023). When consid-
ering the electron transfer and exchange characteristics 
of PyC, the changes induced by chemical aging closely 
resemble those seen with natural aging. Nevertheless, 
the alterations in EACs resulting from chemical aging 
and natural aging exhibit divergent patterns. This discov-
ery suggests that substituting chemical aging for natural 
aging in investigations of EAC-related geochemical phe-
nomena may yield erroneous results.

As illustrated in Fig. 5a, the EACs of PyC produced at 
750 °C ranged from 0.63 to 1.00 mmol e−/g, representing 

a 6.40- to 20.17-fold increase compared to PyC produced 
at 350 °C. Increasing the pyrolysis temperatures resulted 
in graphitization, which enhanced the effective surface 
area of the carbon material. This enhancement is sup-
ported by the data presented in Fig. S33, showing that the 
ID/IG ratios for PyC produced at 350 °C ranged from 0.67 
to 0.72, whereas for PyC produced at 750 °C, they ranged 
from 0.84 to 0.91. Chemical aging significantly boosted 
the EAC of PyC produced at 750 °C, increasing its aver-
age value by 1.49 times compared to its original value. 
This enhancement was attributed to the elevated content 
of O–C=O groups, which increased by 68% after chemi-
cal aging (Fig. S34). These groups are capable of donating 
more electrons than other groups. However, freezing and 
thawing and natural aging exhibited inconsistent effects 
on the EAC of PyC produced at 750 °C (Fig. 5e), indicat-
ing that multiple moieties and structural properties were 
involved in the EAC of PyC. For instance, while chemi-
cal aging enhances EAC by increasing electron-donating 
functional groups, freeze–thaw aging and natural aging 
may introduce changes that either positively or negatively 
impact the EAC, such as alterations in physical structure 
or the formation of new functional groups. PyC can func-
tion as an electron shuttle to facilitate the reduction of 
ferrihydrite by Fe(III) mineral-reducing bacteria (Kap-
pler et al. 2014). Our results suggest that the decrease in 
PyC’s EDC due to aging could impede electron transfer 
between microbes and Fe(III) minerals, potentially limit-
ing direct redox reactions with metal ions. Furthermore, 
PyC has been observed to act as an electron acceptor, 
enhancing intracellular electron transfer in denitrify-
ing anaerobic methane-oxidizing (DAMO) archaea, 
thereby directing more electrons towards the membrane 
for nitrate reduction (Lv et al. 2024). The aging-induced 
increase in EAC of PyC may further enhance these 
effects.

3.5 � Implications of aging‑induced electron transfer 
and exchange properties changes in PyC

Our findings reveal that aging induces a fundamental 
shift in the electron exchange properties of PyC, charac-
terized by enhanced EAC, and reduced EDC. This trans-
formation to a state more inclined to accept electrons but 
less willing to donate them has significant implications 
for its role in agricultural and environmental systems 
(Fig.  6). In agriculture, this evolution offers a combina-
tion of synergistic benefits and potential trade-offs. Aged 
PyC, with enhanced EAC, can improve nitrogen cycling 
by promoting ammonium oxidation to nitrate, poten-
tially increasing crop nitrogen use efficiency (Wang et al. 
2015). Furthermore, its increased electron affinity aids in 
retaining cationic nutrients like potassium and calcium, 
reducing their leaching (Wu et  al. 2025). A moderately 
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elevated oxidation–reduction potential may also foster 
aerobic microorganisms while suppressing anaerobic 
pathogens. However, these advantages require careful 
management to avoid risks. Excessive nitrification might 
cause nitrate leaching, posing an environmental threat. 
The more oxidized nature of aged PyC could under-
mine the soil acidification mitigation of fresh biochar 
and, in extreme cases, induce oxidative stress in plants 
or inhibit beneficial anaerobic microbial communities. 
Regarding heavy metals, the aging of PyC, character-
ized by increased EAC, can enhance the adsorption of 
cationic species and facilitate the reductive immobiliza-
tion of toxic Cr(VI) (Shang et  al. 2024; Wu et  al. 2025). 
Nevertheless, the loss of EDC eventually diminishes the 
material’s reducing capacity, risking the re-mobilization 
of previously immobilized metals. Thus, the effectiveness 
of aged PyC is highly dependent on environmental con-
ditions: it is promising for remediating strongly reducing 
environments by consuming excess electrons but likely 
ineffective in highly oxidizing settings.

Biochar and activated carbon, widely used in environ-
mental or technological applications, are forms of pyro-
genic carbon. Their electrochemical properties undergo 
analogous changes after aging. High-temperature biochar 
and activated carbon exhibit a significant decrease in 
conductivity after aging, while low-temperature biochar 
may experience an increase. However, regarding electron 
exchange capacities, high-temperature biochar and acti-
vated carbon show no consistent trends after aging. In 
contrast, low-temperature biochar exhibits a decrease in 
EDC and an increase in EAC after aging, due to the oxi-
dation of these materials during the aging process.

The strategic application of PyC must be guided by its 
production temperature and the specific redox require-
ments of the target environment, while also considering 
the aging-induced changes in PyC properties. Distinct 
aging pathways further differentiate their long-term 
functionality: the conductivity of low-temperature PyC 
shows an increase after aging, which may enhance its 
role in short-term electron transfer processes, while 
the conductivity of high-temperature PyC experiences 

Fig. 6  Potential environmental impacts due to aging-induced changes in electrochemical properties of PyC
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a decrease, though it maintains a high level suitable for 
persistent electron shuttling. Considering these changes, 
low-temperature PyC, with its higher bioavailability and 
more labile carbon pools, remains suitable for short-
term interventions aimed at enhancing nutrient cycling 
and treating anaerobic contamination. In contrast, the 
persistent conductivity and stability of high-temperature 
PyC recommend it for long-term carbon sequestration 
strategies and applications requiring durable electron-
shuttling capabilities. Ultimately, our results underscore 
the necessity of a precision-based approach, potentially 
involving tailored blends of PyC, to harness these con-
trasting properties for synergistic outcomes that address 
both immediate functional goals and long-term stability 
in agricultural and environmental management.

4 � Conclusion
PyC exists in various forms across atmospheric, terres-
trial, and aquatic systems, such as soils, sediments, ice, 
and marine environments, ranging from macroscopic 
fragments to individual molecules. Despite its wide-
spread presence, the environmental impacts of PyC 
remain inadequately characterized. Our research dem-
onstrates that the electron transfer properties of PyC are 
modified by aging in varying ways, contingent upon the 
pyrolysis temperature. We observed inhibitory effects in 
PyC produced at high temperatures, while PyC gener-
ated at low temperatures showed enhancements, which 
could impact the redox reactions integral to geochemical 
cycles.

Aged low-temperature PyC produced at 350 °C exhibits 
an increased EAC, potentially enhancing pollutant degra-
dation in aquatic systems, by facilitating the reduction of 
oxidized contaminants such as nitroaromatic compounds 
through abiotic electron transfer processes (Zhao et  al. 
2021; Zhu et al. 2017). In contrast, high-temperature PyC 
produced at 750 °C experiences a decrease in conductiv-
ity with aging. This characteristic may influence specific 
microbial respiration pathways, as the preserved yet less 
conductive carbon matrix could restrict direct interspe-
cies electron transfer between syntrophic microorgan-
isms (Zhao et  al. 2016), potentially altering methane 
production pathways (Sun et  al. 2021). These findings 
suggest that aged high-temperature PyC may selectively 
regulate microbial communities rather than universally 
inhibit respiratory processes. The temperature-depend-
ent behaviors of PyC underscore its potential as a modi-
fiable environmental amendment. Therefore, estimating 
the environmental impact of PyC based on its electron 
transfer and exchange properties should account for 
this variation due to aging. These results underscore the 
importance of considering aging-induced variations in 

electron transfer and exchange capabilities when evaluat-
ing the environmental repercussions of PyC. This insight 
is crucial for forecasting the long-term environmen-
tal behavior of PyC and its involvement in geochemical 
processes.
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