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pH‑regulated surface chemistry 
of nano‑biochar for selective silver ion 
reduction: the pivotal role of superoxide radicals
Shiguo Gu1, Dandan Wang1, Tongtong Wang2 and Wei Zhu1* 

Abstract 

Silver ion (Ag+) pollution in aquatic systems poses serious ecological and health threats, demanding effec-
tive and controllable remediation technologies. This study investigates the pH-dependent reduction of Ag+ 
by nano-biochar (nano-BC) synthesized via ball milling from wood chip-derived bulk biochar pyrolyzed at 400 °C 
(nano400) and 700 °C (nano700). Using advanced characterization techniques and free radical detection, we found 
that the reduction of Ag+ to silver nanoparticles (AgNPs) by nano-BC is strongly pH-dependent: no AgNPs are formed 
under acidic-neutral conditions (pH 6.5–7.5), while weakly alkaline environments (pH 8.5–9.5) promote efficient 
reduction with the highest yield at pH 9.5. AgNPs formation follows pseudo-first-order kinetics, and nano400 exhibits 
a reaction rate constant approximately 2.5 times higher than that of nano700, showing significantly faster reduc-
tion kinetics. Nano400 outperforms nano700, attributed to its abundant oxygen-containing functional groups (e.g., 
phenolic hydroxyl groups, 3.01 mmol g−1), which enhanced its electron-donating capacity. Mechanistic studies reveal 
that superoxide radicals (O2

·−) act as the key intermediates, generated via the synergistic effect of deprotonated 
functional groups and persistent free radicals (PFRs) in nano-BC under alkaline conditions. Excessive nano-BC dosage 
(> 10 mg L−1 for nano400, > 20 mg L−1 for nano700) inhibits AgNPs formation, likely via reduced interfacial reactive 
sites and reactive oxygen species (ROS) self-consumption. This study clarifies the core mechanism of pH-regulated 
Ag+ reduction by nano-BC, providing theoretical support for nano-BC remediation of Ag+-contaminated water.

Highlights 

•	 Nano400 outperforms nano700 for rich oxygen groups
•	 Nano-BC mediates pH-controlled Ag+ reduction, with effective AgNPs synthesis only at pH 8.5–9.5.
•	 Nano400 exhibits 2.5-fold faster AgNPs formation kinetics than nano700 at pH 9.5.
•	  Alkaline-induced O2

·− from nano-BC’s deprotonated groups and PFRs mediates Ag+ reduction.
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Graphical Abstract

1  Introduction
Silver ions (Ag+) are extensively used in industrial appli-
cations due to their antimicrobial activity, excellent elec-
trical conductivity, and ductility, but they pose significant 
environmental risks due to their toxicity and high mobil-
ity in ecosystems (Liu et  al. 2023; Nguyen et  al. 2024). 
Thus, the recovery of silver from wastewater is crucial 
not only for mitigating its ecological toxicity but also 
for reclaiming this valuable metal resource (Shao et  al. 
2023). The natural water environment is estimated to 
contain Ag+ concentrations ranging from approximately 
1 to 1000 ng  L−1 (Cymes et al. 2017), with treated efflu-
ents reaching up to 5 mg L−1 (Zhao et al. 2021; Ge et al. 
2022). As reported by Vrček et  al., silver nanoparticles 
(AgNPs) have a markedly reduced toxicity to human 
hepatoblastoma cells compared with Ag+, with concen-
trations for induced toxicity at 50% cell loss values being 
50  mg  L−1 and 0.5  mg  L−1 for AgNPs and Ag+, respec-
tively (Vrček et  al. 2016). Previous studies have shown 
that the uptake rate constants of Ag+ in plants are 67–87 
times higher than those of AgNPs (Dang et  al. 2020). 
These findings underscore the critical importance of 
transforming Ag+ into less toxic forms, such as AgNPs, to 

minimize their adverse effects on ecosystems and human 
health.

Biochar, a pyrogenic carbon-rich material, is widely 
used in soil amendment, as it can significantly improve 
soil fertility and provide multiple soil benefits (Wang 
et  al. 2023; Mekonnen et  al. 2025). In general, the 
pyrolysis-induced physical degradation of bulk biochar 
(bulk-BC, 0.04–20  mm) results in a biochar nanopar-
ticle (nano-BC, < 100  nm) yield ranging from 0.47% 
to 2.36% (Wang et  al. 2013; Gao et  al. 2014; Liu et  al. 
2018). To date, researchers have produced nano-BC 
from bulk-BC via eco-friendly and energy-efficient 
nanotechnology methods (e.g., ball milling, micro-
wave pyrolysis, and thermo-flash exfoliation) (Lian and 
Xing 2024; Sun et  al. 2025). Among several prepara-
tion techniques, ball milling can process bulk-BC into 
fine nano-BC. Nano-BCs have a lower negative zeta 
potential, 19.2–31.8% more oxygen, and more persis-
tent free radicals (PFRs) than bulk-BC (Liu et al. 2018), 
making these stable and highly active particles cru-
cial in transforming states of metals (Ruan et al. 2019; 
Rashid et  al. 2022; Zhu et  al. 2023; Gu et  al. 2025). It 
has been reported that 6% of nano-BC adheres to the 
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root surfaces of rice plants, thus forming an important 
root-BC interface that directly affects the oxidation of 
ferrous ions (Gu et al. 2022). Similarly, aeration with O2 
in biochar–ascorbic acid systems enhanced the forma-
tion of superoxide radicals (O2

·−) via electron transfer 
with biochar PFRs, boosting bisphenol A removal rates 
up to 69.4% (Zhu et  al. 2024). Moreover, the presence 
of highly PFRs on the surface of nano-BC provides an 
additional layer of reactivity that can be used to pas-
sivate heavy metals. Simulated sunlight drives the for-
mation of O2

·− from dissolved oxygen via nano-BC, 
facilitating the photoreduction of Hg(II) to Hg(0) (Li 
et  al. 2020). Additionally, biochar has been reported 
to assist the reduction of Cr(VI) to Cr(III) and act as 
an electron shuttle, facilitating the transfer of elec-
trons from soil-relevant organic acids (Xu et al. 2019). 
Although nano-BC-derived free radicals show strong 
metal reduction potential as demonstrated above, the 
exact role of free radicals in Ag+ reduction is poorly 
investigated in green reduction systems (Hanna et  al. 
2022; Kaliappan et  al. 2025). Thus, we hypothesized 
that free radicals on nano-BC surfaces would medi-
ate interfacial reduction reactions, thereby altering the 
valence and morphology of Ag+.

The pH level plays a pivotal role in the route of reduc-
tion reactions involving carbonaceous material-bound 
reductive moieties and reduction-sensitive pollutants 
such as Ag+ (Cao et  al. 2019; Huang et  al. 2019). For 
example, soil organic matter reduced Ag+ to AgNPs 
only under neutral and alkaline conditions (7.0 − 8.6) 
(Huang et al. 2019). Besides, Ag+ was reported to acti-
vate phenolic hydroxyl groups on oxidized graphene to 
provide electrons for the reduction of Ag+ under alka-
line conditions (≥ 7.4) (Cao et  al. 2019). Furthermore, 
these results emphasize that the pH of the environ-
ment can be manipulated to enhance the formation of 
AgNPs. Importantly, biochar oxidation mechanisms 
vary with pH, with acidic and neutral conditions favor-
ing As(III) oxidation via hydroxyl radicals (⋅OH) and 
H2O2 from phenolic  −OH, while alkaline conditions 
promote oxidation by quinoid C = O (Zhong et  al. 
2019). In addition, biochar inherently has a negatively 
charged surface and alkaline properties, which endow 
it with a strong Ag+ adsorption capacity and further 
facilitate the interfacial redox reactions between bio-
char and Ag+ (Tomczyk et  al. 2020; Peng et  al. 2021). 
Collectively, pH level is a critical factor influencing 
both the reduction of Ag+ to AgNPs and the reduction 
mechanisms of biochar, as it determines the availability 
of reactive species and the pathways of these reactions. 
Consequently, manipulating the pH of the environment 
can serve as an effective strategy to enhance AgNPs 

formation and optimize the biochar-mediated reduc-
tion processes.

Existing biochar-metal reduction and nanoparti-
cle synthesis studies lack systematic pH-dependent 
mechanism clarification and definitive identification 
of key radical intermediates, as well as quantitative 
nano-BC structure–activity correlations and dosage 
inhibition insights. Therefore, the major objectives 
of this study were to: (1) examine the ability of nano-
BC for Ag+ reduction under different pH conditions; 
(2) investigate the impact of various reduction active 
components on reduction of Ag+ by nano-BC; (3) clar-
ify the mechanism of reduction of Ag+ under various 
pH conditions. In this study, various techniques were 
employed, including high-resolution transmission elec-
tron microscopy (HRTEM), Fourier transform infrared 
spectroscopy (FTIR), X-ray photoelectron spectrom-
eter (XPS), Boehm titration analysis method, and elec-
tron paramagnetic resonance (EPR), to characterize 
the surface and structural properties of nano-BC. This 
research may provide potentially significant insights 
into how nano-BC affects the reduction of Ag+ to 
AgNPs across a broad range of pH values.

2 � Materials and methods
2.1 � Materials and chemicals
Silver nitrate (AgNO3) with a purity grade of 99.8% was 
obtained from Sigma-Aldrich. All the other reagents of 
analytical grade or superior were acquired from Solar-
bio Science & Technology Co., Ltd., situated in Beijing, 
China. The pH of aqueous solution was adjusted using 
NaOH and HCl, with concentrations ranging from 0.1 to 
1 M. Ultrapure water (> 18.2 MΩ cm−1) was used for all 
experiments.

2.2 � Preparation and characterization of nano‑BC
Bulk-BC was produced from wood chips crushed and 
sieved through a 2.0  mm sieve by slow pyrolysis in a 
tubular reactor. The reactor was heated at a rate of 
10 °C min−1 from room temperature to 400 or 700 °C and 
held for 120 min under N2 atmosphere. These two tem-
peratures represent typical low- and high-temperature 
pyrolysis, which can well distinguish the differences in 
surface functional groups, persistent free radicals, and 
electron-donating capacity of nano-BC (Lian et al. 2020). 
To obtain nano-BC, 1.0  g of bulk-BC was mixed into a 
150 mL agate jar filled with 100 g agate balls with diam-
eters 6  mm, 3  mm, and 1  mm, respectively, ensuring a 
constant mass ratio of 1:100 between the biochar and the 
balls. The agate jars containing the mixture were milled in 
a TJX-410 planetary ball mill (Tianjin Dongfang Tianjin 
Technology Co., Ltd.) at 300 rpm min−1 for 12 h to pro-
duce BC particles with a size of <100  nm. The resulting 
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nano-sized biochar, obtained from the bulk-BC pro-
cessed at 400 °C and 700 °C, was labeled as nano400 and 
nano700, respectively. The morphology and nanoscale 
dimensions of nano-BC were analyzed using an HRTEM 
(JEOL JEM-2100F, Japan) operating voltage at 200  kV. 
FTIR spectroscopy analysis was performed on biochar 
samples using a Thermo Scientific Nicolet iS5 instru-
ment, operating in the range from 400 to 4000 cm−1. XPS 
(Thermo Scientific K-Alpha, USA) was utilized to con-
duct an analysis of the surface chemical compositions of 
biochar. The C 1 s hydrocarbon peak at 284.8 eV served 
as the reference for calibrating binding energies, and the 
XPSPEAK software was employed for deconvolving the 
C 1  s spectra. A modified Boehm titration analysis was 
employed to characterize the phenolic  –OH, carboxyl, 
and lactonic groups of biochar, with the detailed method-
ology presented in Text S1 (Uchimiya et al. 2010). 20 mg 
of solid nano-BC was analyzed for the PFRs in a quartz 
tube using a German-manufactured EPR (Bruker A300) 
spectrometer at 25 ℃. The instrument settings were as 
follows: 1.92 mW microwave power, 9.85 GHz microwave 
frequency, and 1.00 G modulation amplitude. With the 
receiver gain at 1.00 × 103, the analysis included a scan 
width of 200 G, a time constant of 10.24 ms, a conversion 
time of 30.00 ms, and a scan time of 30.72 s. The inten-
sity of spin signals was determined via calibration against 
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard. A 
CHI610E workstation coupled with a three-electrode 
cell was utilized to perform room-temperature elec-
trochemical measurements for assessing the mediated 
electrochemical reduction and oxidation properties of 
nano-BCs (Text S2). Dynamic light scattering (ZEN3600, 
Malvern, UK) with a scattering angle of 173° was applied 
to monitor the intensity-weighted hydrodynamic diam-
eter and aggregation kinetics of nano-BC suspensions at 
varied pH values. All measurements were conducted at 
25 °C over a 15 min period with 15 s sampling intervals, 
and suspension pH was tuned to 6.5, 7.5, 8.5, 9.0, 9.5, and 
10 using 0.1 or 1 M HCl and/or NaOH solutions.

2.3 � Ag+ reduction and characterization of the formed 
AgNPs

All batch experiments were conducted in a 50 mL brown 
glass (light-protected) containing 0.5  mM AgNO3 solu-
tion, and the reaction was incubated for 10 min. Nano-
BC was dispersed into 50 mL of 0.5 mM Ag+ solution to 
achieve final concentrations of 5, 10, 20, 40, or 60 mg L−1. 
During the reaction, the desired pH value (i.e., 6.5, 7.5, 
8.5, 9.0, 9.5, or 10 ± 0.1) of the aqueous solution was 
adjusted by 0.1 or 1 M HCl and/or NaOH solutions. The 
formation of AgNPs suspensions was tracked by UV–vis-
ible spectroscopy (UV-1800, Shimadzu, Japan) at 300–
600  nm. The obtained AgNPs were characterized using 

HRTEM to analyze their crystal structure and chemical 
composition coupled with selected area electron diffrac-
tion (SAED). The relative abundance of the AgNPs was 
assessed through the implementation of Energy Disper-
sive Spectroscopy (EDS) analysis. Total silver concentra-
tions in aqueous solutions were quantified via inductively 
coupled plasma mass spectrometry (ICP-MS, ICAP-
TQ, Thermo) combined with the cloud point extraction 
method. Briefly, 50  mL aliquots of the reaction samples 
were subjected to drying followed by microwave-assisted 
digestion at 190  °C for 30  min (CEM Corp., Matthews, 
NC), with a 3  mL 1:1 (v/v) HNO3/ultrapure water mix-
ture as the digestant. The digested solution was subjected 
to 0.22 μm filtration, subsequently diluted to 50 mL with 
Milli-Q ultrapure water, and then analyzed by ICP-MS. 
The method for the determination of AgNPs by single-
particle ICP-MS (SP-ICP-MS) has been established in 
our previous work (Gu et al. 2025), with detailed proce-
dures provided in Text S3. Reaction solution of the aque-
ous system was collected at 0, 1, 3, 5, 7, 9, 11, and 13 min, 
with the synthesis of AgNPs monitored via SP-ICP-MS. 
A parallel control check (CK) experiment without nano-
BC was performed under identical conditions to evaluate 
the spontaneous reduction of Ag+ in the absence of bio-
char. Pseudo-first-order kinetics were used to character-
ize the reduction process (Adegboyega et  al. 2012) with 
calculations performed according to Eq.  1.

where C0 and Ct are the concentrations of AgNPs at time 
beginning and time t, respectively; k is the pseudo-first-
order rate constant.

To exclude direct electron transfer from deprotonated 
phenolic hydroxyl groups, anoxic control experiments 
were performed in sealed brown vials. The reaction solu-
tion was purged with high-purity N2 for 30 min to com-
pletely remove dissolved oxygen prior to the reaction. All 
other parameters were consistent with those under oxic 
conditions (0.5  mM Ag+, 10  mg  L−1 nano-BC, pH 9.5, 
10  min reaction in the dark). After incubation, AgNPs 
formation was monitored by UV–Vis spectroscopy over 
300–600 nm.

2.4 � Free radical determination
The generation of free radicals in the nano-BC-con-
taining Ag+ reduction system was investigated using 
probe molecules and colorimetric reagents (Fu et  al. 
2018; Zhang et  al. 2020). During the reduction of 
Ag+, the probe molecules 2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT), 
terephthalic acid (TPA), and furfuryl alcohol (FFA) were 
chosen to quantify the generation of O2

·−, ⋅OH, and 1O2, 
respectively. Briefly, an initial concentration of 0.05 mM 

(1)− ln(C0/Ct) = kt
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XTT, 1.00 mM TPA, and 0.45 mM FFA was added into 
each of the reaction mixtures. The concentrations of XTT 
formazan, TPA residue, and FFA loss were monitored, 
according to the methodology presented in Text S4. To 
verify the crucial role of O2

·− in Ag+ reduction, a quench-
ing assay was carried out using superoxide dismutase 
(SOD, 150 U mL−1) as an O2

·− scavenger in the reduction 
system consisting of 0.5 mM Ag+ and 10 mg L−1 nano-BC 
at pH 9.5. Furthermore, EPR spectroscopy (Bruker A300, 
Germany) was applied at room temperature to directly 
identify the generated O2

·− using dimethyl-pyrroline 
N-oxide (DMPO) as the spin-trapping agent. After react-
ing for 10  min, an aliquot of the suspension was sam-
pled and mixed with freshly prepared DMPO solution 
in methyl alcohol to stabilize and trap O2

·− radicals. The 
mixed solution was immediately subjected to EPR detec-
tion, with further experimental details provided in Text 
S5.

The concentrations of H2O2 in biochar systems were 
measured according to the  colorimetry method (Zhang 
et  al. 2020). 1  mL of 0.5  M sulfuric acid solution was 
added into a centrifuge tube (15 mL) containing 1 mL of 
the reaction solution, and then 0.1 mL of 15 wt% titanyl 
sulfate was added. The mixture solution was adjusted to 
a final volume of 10 mL using ultrapure water. The H2O2 
concentration was quantified at a wavelength of 410 nm 
using a UV–vis spectrophotometer. Then, the absorbance 
was recorded at 410 nm using water as a blank.

2.5 � Statistical analysis
The experiments were each repeated in  triplicate, and 
the data are reported as mean values ± standard devia-
tions. Statistical significance of differences between treat-
ments (p < 0.05) was assessed using one-way ANOVA, 
coupled with the Duncan test. The statistical analyses 
of all data were carried out with the assistance of IBM 
SPSS Statistics version 26.0 (USA). Error bars in all fig-
ures represent the standard deviation of triplicate parallel 
samples to reflect experimental random errors and data 
reproducibility.

3 � Results and discussion
3.1 � Nano‑BC characterization
The surface morphology of nano-BC examined by 
HRTEM revealed that both nano-BCs were present 
as irregular, near‑elliptical nanostructures with par-
ticle sizes below 100  nm (Fig. S1). Figure  1A shows the 
C 1  s XPS spectra with three distinct peaks appear-
ing at 284.6  eV (C = C/C–C), 285.2  eV (C–OH), and 
286.7  eV (C = O), corresponding to the reported litera-
ture (Dong et  al. 2013; Lian et  al. 2018). The nano700 
exhibits a higher content of C = C/C–C bonds (43.45%) 
than nano400 (20.15%), suggesting a richer presence of 

sp2- and sp3-hybridized carbons as well as graphene-like 
structures within nano700 due to higher heat treatment 
temperatures. Conversely, nano400 possesses a greater 
proportion of oxygen-containing functionalities, specifi-
cally –OH groups (60.95%) and C = O groups (18.90%). 
The chemically reactive functional groups on the nano-
BC surface were also identified via FTIR (Fig. 1B), includ-
ing –OH at 3440 cm−1, –CH2 at 2920, –COOC at 1700, 
aromatic C = C at 1600 cm−1, aliphatic–OH at 1440 cm−1, 
C–O at 1090 cm−1, and aromatic CH at 877 cm−1. Mean-
while, the oxygen content of nano400 calculated from 
Boehm analysis is higher than that of nano700, especially 
with phenolic hydroxyl groups as high as 3.01 mmol g−1 
(Bardestani and Kaliaguine 2018). These results indicate 
that nano400 contains a higher abundance of oxygen-
functional groups than nano700. These XPS and FTIR 
spectral differences directly determine the electron sup-
ply capacity and subsequent O2

·− yield for Ag+ reduc-
tion. Nano700 has higher carbon content (70.72%) and 
ash (12.65%) but lower oxygen (12.02%) and nitrogen 
(2.06%) compared to nano400 (Table S1), consistent with 
its higher pyrolysis temperature leading to carbonization 
and loss of volatile functional groups. The lower O/C and 
(O + N)/C ratios of nano700 (Tables S1 and S2) correlate 
with its higher sp2 carbon content (XPS C 1 s spectrum) 
and fewer oxygen groups (FTIR), supporting its gra-
phene-like structure. Meanwhile, nano400’s higher polar-
ity (Tables S1 and S2) aligns with its abundant –OH and 
C = O groups (XPS/FTIR) and Boehm titration results 
(phenolic OH = 3.01 mmol g−1). The ζ potential values of 
nano400 consistently exhibited higher absolute magni-
tudes compared to nano700 across the tested pH range 
(2–10), directly correlating with its greater abundance 
of oxygen-containing functional groups (Fig. 1D). Nota-
bly, under weakly alkaline conditions (around pH 9.5), 
the increased deprotonation of these oxygen-containing 
functional groups may further enhance the negative 
surface charge, thereby strengthening the electrostatic 
adsorption of cationic Ag+ onto the nano-BC surface. 
The data collectively validate nano400’s superior aqueous 
compatibility for applications requiring stable dispersion 
(e.g., environmental remediation), while nano700’s lower 
surface charge favors non-polar matrices. Specifically, 
pyrolysis temperature reshapes the surface chemistry 
and carbon skeleton of nano-BC, creating clear dispari-
ties between nano400 and nano700. Low-temperature 
pyrolysis (400  °C) avoids severe thermal decomposition 
of oxygenated functional groups, leaving 3.01  mmol  g−1 
phenolic hydroxyl groups and abundant edge defects to 
stabilize high levels of PFRs; high-temperature treatment 
at 700  °C, however, triggers massive deoxygenation and 
the formation of compact sp2 carbon structures, limit-
ing electron transfer and O2

·− generation. The 1.56-fold 
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higher electron-donating capacity of nano400 enhances 
directly its reactivity toward heavy metal ions (e.g., Ag+), 
a discrepancy fully controlled by temperature-driven 
changes in surface functional groups and persistent free 
radical content.

3.2 � pH‑dependent synthesis of AgNPs mediated 
by nano‑BC in aqueous solution

The reduction of Ag+ to AgNPs in aqueous solutions 
under controlled pH conditions was systematically 
investigated using UV–Vis spectroscopy. UV–Vis spec-
troscopy revealed a prominent peak at 410  nm, which 
is a well-documented indicator of spherical AgNPs for-
mation (Fig. 2) (Hou et al. 2013; Zhang et al. 2016). The 
UV–Vis absorbance at 410 nm quantifies Ag+ reduction 
yield, which is directly linked to O2

·− production enabled 
via FTIR/XPS-identified phenolic functional groups. As 
shown in Fig. 2, it was found that no AgNPs were formed 

in the nano-BC system at acidic to neutral pH (6.5 to 7.5), 
likely due to the protonation of surface functional groups, 
accompanied by insufficient reactive sites, and limited 
electron-donating capacity. It was reported that the sur-
face functional groups of nano-BC are protonated to 
generate H+ in a lower pH environment (Mahmoud et al. 
2024). This observation is consistent with the inhibited 
O2

·− generation from phenol-like groups under acidic 
conditions, which consequently suppresses the reduction 
of Ag+ to AgNPs (Huang et  al. 2019). However, as the 
pH increased to weakly alkaline levels (pH 8.5–9.5), the 
reduction efficiency improved markedly, with the highest 
AgNPs yield observed at pH 9.5. Consistently, the colloi-
dal aggregation of nano-BCs was regulated by solution 
pH, and the maximum colloidal stability was observed at 
pH 9.5 (Figs. S2 and S3). This enhancement can be attrib-
uted to the increased electron-donating ability of func-
tional groups on nano-BC (e.g., phenolic and carboxyl 

Fig. 1  Characterization of nano-BC (nano400 and nano700). A high-resolution C 1 s XPS spectra; B FTIR spectra; C functional group content; and D 
ζ potentials in different solution pHs. Error bars represent the standard deviation of the mean of the triplicates
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groups) under alkaline conditions, which facilitates the 
reduction of Ag+ to AgNPs (see more discussion below).

Excessive nano-BC dosage (> 10  mg  L−1 for nano400 
or > 20  mg  L−1 for nano700) correlated with reduced 
AgNPs formation, likely due to disrupted electron trans-
fer pathways from potential donors to Ag+ (Fig. S4). 
Compared to nano700, nano400 exhibits more abun-
dant oxygen-containing groups (–OH, –COOH), which 
enhance oxygen reduction and thereby nano400 drives 
higher O2

·− generation, evidenced by elevated XTT 
formazan levels in Fig. S5. Phenolic groups contributed 
to O2

·− production in biochar due to their redox-active 
nature (Lian et  al. 2021). We observed that nano400 
contained 167.35% more phenolic OH than nano700, 
consistent with the trend in O2

·− quantum yields. The dis-
proportionation of O2

·− into 1O2 (Fig. S6) and H2O2 (Fig. 
S7) is triggered by electron transfer from excessive nano-
BC. Additionally, the loss of TPA indicates that increased 
biochar content accelerates ⋅OH production via electron 
donation to H2O2 (Fig. S8). The proposed mechanisms 
of reactive oxygen species (ROS) formation during the 
reduction of excess nano-BC from Ag+ to AgNPs are 
illustrated in Fig. S9. Specifically, this study elucidates the 
pH-dependent role of nano-BC in mediating Ag+ reduc-
tion to AgNPs, where alkaline conditions (pH 8.5–9.5) 
optimize electron donation from deprotonated func-
tional groups (–OH/–COOH). Excessive nano-BC load-
ing (> 10 mg L−1) inversely suppresses AgNPs formation, 
probably owing to reduced available reactive sites and 
aggravated ROS depletion. Notably, nano400’s superior 
O2

·− generation capacity, attributed to its richer phe-
nolic content, underscores the interplay between oxy-
gen-containing groups and ROS-driven Ag+ reduction. 
These findings advance the mechanistic understanding of 

nano-BC as a tunable catalyst for metal nanoparticle syn-
thesis, with implications for environmental and catalytic 
applications.

3.3 � AgNPs formation and characterization
The morphological and structural features of AgNPs 
formed under varying pH conditions were systemati-
cally characterized. The increase in AgNPs yield with 
rising pH, as observed by TEM (Figs.  3A–C), corre-
lates well with the UV–Vis absorption trends at 410 nm. 
Meanwhile, TEM observations further revealed that 
nanoparticles formed at optimal pH exhibit a narrow 
size distribution ranging from 5.88 to 23.53 nm with uni-
form quasi-spherical morphology. The AgNPs remained 
well-dispersed during the 10-min reaction, as evidenced 
by stable UV–Vis absorbance at 410  nm without peak 
broadening or significant wavelength shift, and TEM 
images showing predominantly dispersed quasi-spherical 
nanoparticles (Figs. 3A–C), likely due to electrostatic sta-
bilization from the negatively charged nano-BC surface, 
though prolonged storage or high ionic strength may 
induce aggregation. EDS analysis revealed a prominent 
Ag Lα emission peak at ~ 3 keV (Fig. 3D), confirming the 
successful formation of metallic AgNPs. Notably, the 
color transition of colloidal suspensions from pale yel-
low to deep yellow with increasing pH (7.5–9.5) confirms 
AgNPs formation, as higher pH enhances Ag+ reduction 
(Huang et  al. 2019). HRTEM analysis (Fig.  3E) identi-
fied distinct lattice fringes with spacings of d = 0.236 nm, 
d = 0.205  nm, and d = 0.145  nm, corresponding to the 
{111}, {200}, and {220} crystallographic planes of face-
centered cubic Ag (JCPDS No. 04-0783), confirming 
their metallic nature (Jiang et  al. 2016). The SAED pat-
terns (Fig.  3F) further validated the polycrystalline 

Fig. 2  Effects of pH on the reduction of Ag+ in the presence of 10 mg L−1 nano400 (A) and nano700 (B)
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structure through diffraction rings indexed to {111}, 
{200}, and {220} planes (Yang et al. 2017). These findings 
collectively demonstrate that nano400 acts as an efficient 
catalyst for Ag+ reduction under alkaline conditions. The 
pH-dependent modulation of surface functional group 
protonation states (e.g., −OH/ −COOH) enhances elec-
tron transfer kinetics under alkaline conditions, which 
aligns with the electrochemical mechanisms proposed 
for biochar-facilitated AgNPs synthesis (Mahmoud et al. 
2024). The synergistic role of nano400 in AgNPs forma-
tion warrants further investigation into its environmental 
and catalytic applications.

3.4 � Formation kinetics of AgNPs
AgNPs formation kinetics across a gradient of reac-
tion durations were determined by SP-ICP-MS analysis 
(Fig.  4A), with subsequent kinetic model fitting further 
applied to resolve the kinetic characteristics of the for-
mation process (Fig. 4B). Kinetic analysis of Ag+ reduc-
tion to AgNPs revealed that rapid, time-dependent 
nanoparticle formation was exclusive to the experimen-
tal system combining nano-BC, AgNO3, and a pH 9.5 
environment, while no measurable AgNPs generation 
was observed in the CK groups throughout the reac-
tion period. The obtained data were well fitted to a 
pseudo-first-order kinetic model using linear regression 

(R2 > 0.90) (Adegboyega et  al. 2012). The pseudo-first-
order kinetic plot showed that the rate constant values 
for nano400 increase more rapidly over time relative 
to those for nano700, with nano400 exhibiting a reac-
tion rate constant approximately 2.5 times higher than 
that of nano700. Previous reports indicate significantly 
lower Ag+ reduction rate constants for materials such 
as particulate organic matter (0.00249 h−1) (Huang et al. 
2019) and natural organic matter (0.000175  h−1) (Hou 
et  al. 2013), highlighting the markedly superior cata-
lytic efficiency of nano‑BC observed in this study. Addi-
tionally, graphene oxide, activated carbon, and carbon 
nanotubes usually demand UV irradiation or chemi-
cal functionalization to realize Ag+ reduction (Cao 
et al. 2019; Posachayanan et al. 2024; Zhang et al. 2026), 
whereas nano-BC enables spontaneous Ag+ reduction. 
More importantly, unlike toxic chemical reductants, slow 
biosynthetic routes, and energy-consuming photocata-
lytic/electrochemical techniques (Shahzadi et  al. 2025; 
Shapkin et al. 2026), the nano-BC system achieves rapid 
Ag+ reduction within ~ 10  min at ambient temperature 
without external stimulus. Such significant kinetic dif-
ference is essentially attributed to the distinct surface 
and structural properties of the two nano-BCs. Nano400 
possesses a far higher abundance of oxygen-containing 
functional groups such as phenolic hydroxyl groups up 

Fig. 3  Identification and characterization of AgNPs generated through nano400-mediated reduction (10 mg L−1) of 0.5 mM Ag+: A, B TEM images 
of AgNPs at pH 8.5 and 9.0; C–F TEM, EDS, HRTEM, and SAED characterization of AgNPs at pH 9.5
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to 3.01 mmol g−1 and a higher absolute ζ potential value 
across the tested pH range than nano700, which endows 
nano400 with more reactive sites and a more efficient 
electron transfer rate in the interfacial redox reaction. 
Meanwhile, electron-donating/accepting capacity quan-
tified from cyclic voltammetry measurements (Fig. S10) 
confirmed that nano400 has an intrinsic electron-donat-
ing capacity approximately 1.56 times that of nano700, 
which directly contributes to its faster kinetic perfor-
mance during AgNPs formation. Quantitative structure–
activity analysis reveals that nano400, with 2.66-fold 
higher phenolic  –OH content (3.01 vs. 1.13  mmol  g−1) 
than nano700, exhibits a 2.50-fold higher AgNPs forma-
tion rate constant. This consistent proportionality pro-
vides robust quantitative evidence that phenolic hydroxyl 
groups serve as the dominant electron-donating struc-
tural determinants governing the Ag+ reduction kinetics 
of nano-BC.

3.5 � Intrinsic mechanism of AgNPs formation
The generation of O2

·− during AgNPs formation in nano-
BC suspensions under highly alkaline conditions was 
investigated using UV–Vis spectroscopy, XTT assays, 
and EPR analysis (Fig. 5). The UV–Vis spectra (Fig. 5A) 
exhibit a relatively high characteristic peak at 410  nm, 
confirming successful AgNPs formation through the 
reduction of 0.5 mM Ag+ with 10 mg L−1 nano-BC at pH 
9.5. At pH 9.5, the deprotonation of oxygen-containing 
groups may enhance the electron-donating capacity of 
nano-BC, possibly promote direct interfacial electron 
transfer to Ag+, and act synergistically with the genera-
tion of O2

·− to jointly drive the reduction of Ag+. Anoxic 
(N2-saturated) control experiments revealed no AgNPs 
under oxygen-free conditions, indicating negligible direct 
electron transfer from deprotonated phenolic hydroxyl 
groups to Ag+ (Fig. S11). The observed SOD-mediated 

quenching of O2
·− radicals confirms generation of these 

reactive species as key intermediates during nano-BC-
facilitated reduction of Ag+ to AgNPs. The reduction in 
absorbance upon SOD addition confirms that O2

·− radi-
cals are indeed produced and can be quenched, thereby 
inhibiting the further formation of AgNPs (Fig. S12). 
This finding aligns with the suggested role of aquatic-
derived particulate organic matter in promoting AgNPs 
formation under highly alkaline conditions (Huang et al. 
2019). Simultaneously, it was reported that illumina-
tion promoted the formation of O2

·− from dissolved 
oxygen, which subsequently facilitated the reduction 
of Ag+ (Jones et  al. 2011). Surface PFRs act as the pri-
mary electron donors for O2

·− generation on nano-BC. 
Formed by homolytic cleavage of phenolic −OH during 
pyrolysis, PFRs are stabilized via sp2 carbon conjuga-
tion and turbostratic matrix confinement, and their long 
lifetime and reducing capacity sustain continuous inter-
facial O2 activation to yield O2

·− (Zhu et al. 2024; Chen 
et  al. 2025). Notably, the reduction potential of biochar 
(−0.36 to −0.49 V vs. Ag/AgCl) (Klupfel et al. 2014; Xin 
et al. 2019) is sufficiently low to enable PFRs to mediate 
the reduction of O2 to O2

·− (− 0.28 V) (Sun et al. 2019). 
For example, electron donation from PFRs in biochar to 
molecular oxygen has been demonstrated to generate 
O2

·− in aqueous biochar suspensions (Gao et  al. 2022; 
Zhu et  al. 2024). As a result, as an effective electron 
mediator, nano-BC facilitated the interfacial electron 
transfer to Ag+, leading to kinetically accelerated AgNPs 
formation.

Further investigation into the key role of O2
·− in AgNPs 

formation was conducted using quenching experiments 
combined with EPR analysis. As the pH value increases, 
the concentrations of XTT formazan (via O2

·− reduc-
tion) produced by nano-BCs exhibit an upward trend 
(Fig.  5B), which is highly consistent with the formation 

Fig. 4  SP-ICP-MS analysis of AgNPs formed from Ag+ reduction mediated by nano-BC (10 mg L−1) under different conditions. A Concentrations 
of the newly formed AgNPs in different treatments as a function of time; B Dynamic fitting curve of Ag+ reduction. Error bars represent the standard 
deviation of the mean of the triplicates



Page 10 of 13Gu et al. Biochar (2026) 8:133

of AgNPs. Notably, at pH 9.5, nano400 exhibits 1.56-fold 
higher XTT formazan production compared to nano700 
(p < 0.05), demonstrating both the pH sensitivity of O2

·− 
generation and the superior activity of nano400 in super-
oxide production. Additionally, the characteristic peaks 
of DMPO-O2

·− spin adducts (Zollo et  al. 2025) were 
detected in nano-BC suspensions across the pH range of 
8.5–9.5 (Figs.  5C, D). This pH-dependent enhancement 
in EPR signal intensity corroborates the earlier observa-
tions of increased XTT formazan production at higher 
pH. It was also found that nano400 generates signifi-
cantly higher levels of O2

·− than nano700, as evidenced 
by EPR signals and XTT formazan yields. Consistently, 
nano400 exhibited 1.4 times higher EPR intensity than 
nano700 (Fig. S13), which was probably attributed to 
the higher content of oxygen-containing groups (i.e., 
–OH, C = O). Electrochemical measurements further 
confirmed this enhanced redox activity, with nano400 
exhibiting an inherent electron-donating capacity 
approximately 1.56 times higher than nano700 during 
Ag+ reduction. This superior O2

·− production capacity 
directly underpins nano400’s enhanced redox activity 
and faster Ag+ reduction kinetics. This divergence funda-
mentally originates from pyrolysis temperature-induced 
differences in surface functional groups and persistent 
free radical density, which jointly determine the overall 

O2
·− generation efficiency and Ag+ reduction perfor-

mance. DMPO-O2
·− signals disappeared under anoxic 

and SOD-quenched conditions, verifying that O2
·− was 

generated from the reaction between dissolved O2 and 
nano-BC surface PFRs. This Ag+ reduction follows a cat-
alytic pathway rather than a fully stoichiometric reaction: 
phenolic groups donate initial electrons, while dissolved 
O2 continuously regenerates O2

·− to sustain cyclic reduc-
tion without net consumption of nano-BC active sites. 
Collectively, based on all experimental evidence, we pro-
pose a coupled interfacial pathway where Ag+ adsorption 
on deprotonated nano-BC surfaces (maximized at pH 
9.5) acts as an essential prerequisite to immobilize Ag+, 
and the interfacial O2

·− produced by PFRs subsequently 
reduces these surface-bound Ag+ into AgNPs (Fig.  6). 
Acidic pH and anoxic control tests further verify that 
Ag+ adsorption is indispensable, while O2

·− serves as the 
exclusive key reductive intermediate for this surface-cou-
pled reaction.

4 � Conclusions
This study systematically investigates the pH-dependent 
reduction of Ag+ to AgNPs by nano-BC and clarifies 
the underlying mechanisms, with two types of nano-BC 
(nano400 and nano700) synthesized via ball milling from 
wood chip-derived bulk biochar pyrolyzed at 400 °C and 

Fig. 5  Production of O2
·− in nano-BC suspension. A UV–Vis spectra of AgNPs suspension after 10 min incubation with 20 mg L−1 SOD, produced 

by the reduction of 0.5 mM Ag+ with 10 mg L−1 nano-BC at pH 9.5. B XTT formazan and EPR spectra (nano400 (C)/nano700 (D)) were analyzed 
at varying pH after 10 min incubation in 0.5 mM Ag+ with 10 mg L−1 nano-BC suspension. Error bars represent the standard deviation of the mean 
of the triplicates
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700 °C, respectively. The results demonstrate that pH 
is a decisive factor regulating the reduction process: no 
AgNPs are formed under acidic to neutral conditions (pH 
6.5 − 7.5) due to the protonation of surface functional 
groups on nano-BC, which generates H+ that competes 
with Ag+ for adsorption sites and inhibits the production 
of O2

·−, while weakly alkaline environments (pH 8.5−9.5) 
significantly promote Ag+ reduction with the highest 
yield at pH 9.5, as deprotonated functional groups (e.g., 
phenolic hydroxyl and carboxyl groups) enhance elec-
tron-donating capacity. Anoxic experiments and SOD 
quenching confirmed that direct electron transfer from 
phenolic groups was negligible, and O2

·− was the exclu-
sive key intermediate for Ag+ reduction. Nano400 exhib-
its superior reduction activity compared to nano700, 
attributed to its higher abundance of oxygen-containing 
functional groups (e.g., phenolic hydroxyl groups up to 
3.01 mmol g−1), stronger electron-donating capacity, and 
greater production of O2

·−—the key intermediate mediat-
ing Ag+ reduction to AgNPs, as confirmed by quenching 
experiments, EPR analysis, and cyclic voltammetry. Addi-
tionally, there is an optimal dosage range for nano-BC 
(≤ 10 mg L−1 for nano400 and ≤20 mg L−1 for nano700). 
Excessive dosage may lead to excessive adsorption of 
Ag+, intensified aggregation of nano-BC, and increased 
self-consumption of ROS, thereby inhibiting AgNPs 
formation. The synthesized AgNPs are quasi-spherical 
with a face-centered cubic structure, as characterized by 
HRTEM, EDS, and SAED. Overall, this research eluci-
dates the structure–activity relationship between nano-
BC properties and Ag+ reduction efficiency, identifies 
the core role of pH and O2

·− in the reaction, and provides 
valuable theoretical support and practical guidance for 

the design of efficient nano-BC-based materials for the 
remediation of Ag+-contaminated water, with potential 
implications for environmental pollution control and 
catalytic applications. It should be noted that all experi-
ments herein were performed in ultrapure water systems. 
Moreover, further multi-cycle recycling and long-term 
stability assessments of nano-BC will be conducted to 
evaluate its reusability for real water remediation. Con-
verting toxic Ag+ into nano-BC-reduced AgNPs largely 
mitigates aquatic ecological risks, although detached 
AgNPs under complex water conditions still pose latent 
threats to aquatic biota, and further ecotoxicity tests will 
be carried out to evaluate the corresponding biosafety. 
Practical silver wastewater contains variable dissolved 
oxygen, high ionic strength and competing ions that 
interfere with Ag+ reduction by nano-BC, which we will 
quantify in future work.
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