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A B S T R A C T

Beyond conventional electrochemical processes, triboelectric charge-driven reactions from dielectric solid-liquid 
contact electrification (CE) define a distinct realm within Contact-Electro-Chemistry (CE-Chemistry). While 
recent studies have explored CE-Chemistry in pollutant degradation and metal reduction, the mechanisms 
governing electron transfer and radical formation, etc. remain unclear. This work first demonstrates that the 
efficiency of CE-driven metal ion reduction is governed not only by the ease of electron extraction from the 
solvent but also by the electron-donating properties of the dielectric, as evidenced by experimental results and 
DFT calculations. Aerobic and anaerobic conditions show that superoxide radicals (⋅O₂⁻) significantly contribute 
to silver ion (Ag⁺) reduction, indicating a synergistic mechanism involving electron transfer and radical medi
ation. Surface modifications and solvent types were also examined for their influence on CE-driven Ag⁺ reduc
tion. A synergistic relationship between Ag⁺ reduction and methyl orange (MO) oxidative degradation was 
observed, revealing coupled redox processes during the reaction. Additionally, the role of triboelectric charge 
generated by solid-solid CE in driving redox reactions was explored in aqueous systems. These findings deepen 
the mechanistic understanding of CE-Chemistry, uncovering new avenues for leveraging synergistic catalytic 
processes and enabling advancements in catalysis with tunable reaction kinetics.

1. Introduction

Mechanochemistry employs mechanical energy to induce chemical 
transformations under solvent-free or low-solvent conditions, aligning 
with green chemistry principles by reducing environmental footprint [1, 
2]. Mechanical forces induce site-selective bond cleavage through 
shear-induced disorder [3], molecular polarization [4], and activation of 
solid reagents [5], enabling transformations unattainable by conven
tional methods. Liquid-assisted grinding extends the synthetic scope by 
activating poorly soluble precursors, including sulfates, oxides, and 
carbonates, for the direct construction of metal-organic materials [6,7]. 
Despite its broad utility, mechanochemistry remains constrained by the 
intrinsic heterogeneity of mechanical stimuli, including compression 
[8], shear [9], impact [10], and extension [11], which often limit 
reproducibility and reaction efficiency. More recently, piezoelectric 

materials have emerged as promising mediators of mechano-redox 
processes, converting mechanical stress into interfacial electric fields 
via charge polarization [12]. However, commonly employed piezo
electric ceramics, including barium titanate and lead zirconate titanate, 
suffer from poor mechanical robustness, environmental toxicity, and 
rapid charge carrier recombination upon stress relaxation, collectively 
limiting their scalability and catalytic efficiency [13,14]. Sonochemistry 
is a subbranch of mechanochemistry that employs high-frequency ul
trasound to induce acoustic cavitation and mechanical vibrations in 
liquid media, facilitating chemical reactions through localized high 
temperatures, pressures, and shear forces [15]. Sonochemical methods 
often exhibit low reaction rates, poor selectivity, and limited control 
over reaction pathways, reducing their practical utility [16]. Addition
ally, electrochemical reduction typically requires externally applied 
voltage and relies on complex instrumentation and experimental setups, 
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posing challenges for operational simplicity and scalability [17]. 
Contact-Electro-Chemistry (CE-Chemistry) has recently emerged as a 
novel approach that harnesses triboelectric charges generated at 
solid-liquid interfaces during cyclic contact-separation to drive interfa
cial electron and radical transfer, offering a promising route for the 
activation and enhancement of chemical transformations [18,19]. In 
particular, Contact-Electro-Catalysis (CEC) utilizes these triboelectric 
charges arising from solid-liquid contact electrification (CE) to induce 
catalytic reactions [18,20]. Distinct from conventional electrochemical 
processes reliant on externally applied electric fields, CEC capitalizes on 
internally generated electric fields at material interfaces, introducing a 
new paradigm for triboelectric charge-mediated catalysis. This 
CE-driven strategy has attracted growing interest for its capacity to 
initiate and sustain diverse chemical reactions under mild conditions.

Studies have demonstrated that electron transfer predominates at 
solid-liquid interfaces [19,21–25]. Wang et al. introduced an electron 
cloud potential-well model to explain this phenomenon, where the 
interaction of two materials under external mechanical force causes 
their electron clouds to overlap, thereby lowering the energy barrier and 
promoting electron transfer between atoms [26,27]. Such solid-liquid 
CE-driven electron transfer provides the fundamental basis for chemi
cal reactions [28,29]. In 2022, Wang et al. introduced the CEC strategy, 
where electron transfer during CE generates reactive oxygen species 
(ROS) and facilitating pollutant degradation [18]. Li et al. applied CEC 
to effectively leach metals from wastes of lithium-ion batteries through 
ultrasonication-induced cavitation, followed by metal separation and 
catalyst recovery [30]. It was further demonstrated that CEC facilitates 
methane conversion under ambient conditions by utilizing the electri
fication of fluorinated ethylene propylene (FEP) particles with water 
under ultrasound, yielding methanol and formaldehyde [31]. Their 
study emphasizes that electron transfer is the primary mechanism 
driving the reduction process. Additionally, they highlight the crucial 
role of dielectric materials, demonstrating that those with higher elec
tronegativity and electron-withdrawing capacity significantly enhance 
reduction efficiency compared to their lower-electronegativity coun
terparts. Li, J. et al. reported ammonia synthesis from nitrogen gas in 
water containing PTFE microparticles, driven by contact electrification 
and using water as the proton source [32]. CE-Chemistry, as explored by 
Wei et al., harnesses these free radicals to drive reactions in areas such as 
CE-Redox, CE-Polymerization, CE-Catalysis, and CE-Fluorescence [33]. 
CE-Chemistry is pervasive across various processes, with triboelectric 
charge generated from flow electrification in dielectric tubes capable of 
initiating chemical reactions, demonstrating potential for real-time 
catalysis and metal reduction in wastewater treatment [20,34]. It 
should be noted that H⁺ generated during CE in aqueous systems likely 
adsorb onto the negatively charged dielectric surface, forming an elec
trical double layer (EDL), which inhibits interfacial electron transfer and 
hinders CE-driven reactions. In contrast, the non-aqueous solvent, for 
example, dimethyl sulfoxide (DMSO) has been widely utilized as an 
organic medium for chemical reactions [35]. It was also reported to 
effectively mitigate the EDL screening effect, accelerating phenol 
degradation by over 40 times and potentially enhancing reaction effi
ciency in CE-driven systems [36]. Su et al. demonstrated that FEP par
ticles facilitate the reduction of precious metal ions via CEC in aqueous 
media, under both aerobic and anaerobic conditions [37].

This study aimed to capture the full complexity of the mechanistic 
intricacies underlying CE-Chemistry in metal ion reduction. To achieve 
this, we utilized polytetrafluoroethylene (PTFE) and glass balls, which 
are positioned at opposite ends of the triboelectric series, exhibiting 
distinct electronegativities and differing electron-accepting and 
donating properties. Both materials exhibit robust stability, showing no 
signs of degradation or absorption, and can be efficiently recovered post- 
experiment through washing. This study redefines the CE-Chemistry 
mechanism for metal ion reduction, demonstrating that its efficiency 
is governed by both the propensity for electron extraction from the 
solvent and the electron-donating properties of the dielectric material. 

Density functional theory (DFT) calculations substantiate this hypothe
sis, offering deeper insight into the dielectric’s role in catalyzing CE- 
driven metal ion reduction. For the first time, solid-liquid CE-based 
metal ion reduction is revealed to follow a synergistic dual mechanism, 
wherein Ag⁺ reduction proceeds via direct electron transfer from the 
dielectric surface and the generation of superoxide radicals (⋅O₂⁻), 
formed as oxygen captures electrons from the dielectric. This dual 
mechanism, integrating electron exchange and radical-driven pathways, 
fundamentally reshapes the role of CE in chemical reactions. Electron 
Paramagnetic Resonance (EPR) spectroscopy was employed to analyze 
radical production and electron transfer dynamics, while oxygen plasma 
etching of the glass surface enhanced solid-liquid CE efficiency by 
improving surface interaction with the solution. Solvent effects also 
played a crucial role, with DMSO significantly enhancing reduction 
performance. Beyond mechanistic insights, a synergistic interplay be
tween MO degradation and Ag⁺ reduction under solid-liquid CE condi
tions was identified, where the glass surface facilitates Ag⁺ reduction to 
nanoparticles, and in situ-generated AgNPs promote MO degradation 
without additional reagents or catalysts. Furthermore, this study ex
plores solid-solid CE’s role in governing charge interactions in aqueous 
solvents, establishing a broader framework for interfacial charge dy
namics with profound implications for next-generation catalytic systems 
and material synthesis. By redefining the fundamental principles of CE- 
Chemistry, this work highlights its pivotal role in driving chemical re
actions and underscores its potential integration with conventional 
electrochemistry to revolutionize catalysis, offering a more versatile, 
sustainable, and cost-effective strategy for advancing chemical processes 
across diverse industrial applications.

2. Results

2.1. Reduction of silver ions (Ag⁺) in CE-Chemistry using glass balls

The solid-liquid CE process and its catalytic role in CE-Chemistry 
have been demonstrated under various conditions, including ultra
sonication [32,38], flow electrification [20], and ball milling [39]. 
Ultrasonication is known to induce sonochemical effects, particularly at 
high frequencies (400–500 kHz), where acoustic cavitation generates 
reactive radical species [40]. To suppress such effects, ultrasonication in 
this study was conducted at a low frequency of 40 kHz, a regime in 
which chemical contributions are negligible and physical effects are 
dominant in classical sonochemistry. In addition, a full set of parallel 
control experiments without dielectric solids was conducted to distin
guish sonochemical effects from triboelectrically induced CE-Chemistry 
in this study. Ultrasonication will induces repetitive contact-separation 
cycles at the solid dielectric-water interface through cavitation bubble 
collapse [41]. To investigate the solid-liquid CE mechanism in metal ion 
(Ag⁺) reduction, 4 mm diameter glass and PTFE balls, possessing distinct 
electron-withdrawing and donating properties, were selected. These 
were separately immersed in 20 mL of 1 mM AgNO₃ solution and sub
jected to ultrasonication for 2 h, with measurements recorded at 30-mi
nutes intervals, as shown in Figure S1. This process promotes electron 
cloud overlap between interacting materials, reducing the energy bar
rier and enhancing electron transfer efficiency. Within minutes, the 
solution containing glass balls transitioned from transparent to a 
bluish-black color, suggesting the possible formation of silver nano
particles (AgNPs). In contrast, the solution with PTFE balls remained 
transparent throughout the ultrasonication process, irrespective of its 
duration (Figure S2). Comprehensive characterization using Trans
mission Electron Microscopy (TEM), Scanning Electron Microscopy 
(SEM), and Energy Dispersive X-ray Spectroscopy (EDX) further 
confirmed the reduction of Ag⁺ to AgNPs, as illustrated in Figure 1a–c, 
S3. Ultraviolet-Visible (UV-Vis) spectroscopy was conducted on samples 
comprising PTFE and glass balls individually. The glass-containing 
sample showed a significant increase in the 4d-5sp interband transi
tion at 320 nm, with intensity rising over ultrasonication time, while no 
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surface plasmon resonance (SPR) absorption band was detected 
(Fig. 1d). According to the literature, when AgNPs form in solution, 
metallic silver exhibits a SPR absorption band in the visible range of 
350–550 nm, while Ag 4d-5sp interband transitions typically occur 
around 320 nm [42–44]. The SPR absorption band of AgNPs is governed 
by factors such as size, shape, concentration, dielectric properties of 
both the nanoparticles and surrounding medium, and aggregation, with 
particles outside the 10–100 nm range typically failing to exhibit an SPR 
absorption band [45,46]. In our experiment, the absence of a chemical 
stabilizer may lead to AgNPs aggregation, yielding nanoparticles in the 
300–500 nm size range, as confirmed by TEM analysis, significantly 
larger than the typical size range associated with an SPR absorption 
band (Figure S4). However, when the experiment was conducted with a 
lower concentration of 0.1 mM AgNO₃ solution, a distinct SPR absorp-
tion band appeared and increased in intensity with prolonged ultra-
sonication, indicating the formation of smaller nanoparticles at lower 
concentrations (Figure S5). Figure S6 demonstrates that, in contrast, the 
PTFE-containing sample exhibited neither a detectable Ag 4d–5sp 
interband transition nor an SPR absorption band. As illustrated in 
Fig. 1e, quantitative analysis via inductively coupled plasma optical 
emission spectroscopy (ICP-OES) confirmed that PTFE balls, compared 
to glass balls, exhibit an extremely low Ag⁺ reduction capability of 
approximately 3–4 % under ambient conditions. Additionally, no 
discernible color change was observed in the solution, and TEM analysis 
(Figure S7) reveals that the AgNPs formed in the PTFE-containing 
sample are significantly smaller than those in the glass-containing 
sample. Collectively, these findings suggest that the minimal reduction 
performance of PTFE is responsible for the absence of both the SPR 
absorption band and Ag 4d–5sp interband transitions.

Previous studies that synthesized AgNPs via various chemical and 
biological methods have reported that ⋅O2⁻ can facilitate Ag⁺ reduction 
(25, 26). To elucidate the mechanism underlying Ag⁺ reduction, this 
study sought to determine whether the process was driven by ⋅O2⁻ or 
direct electron transfer from the dielectric. Here, singlet oxygen (1O2) 
was detected using 0.10 M 2,2,6,6-tetramethyl-4-piperidone (TEMP) 
during ultrasonication in DI water in the presence of PTFE and glass. It is 
generally believed that 1O2 is a product of the oxidation of ⋅O2⁻ radicals, 
thereby confirming the presence of ⋅O2⁻ radicals [47]. Fig. 2a shows that 
the triplet peak corresponding to the TEMP-¹O₂ adduct in the glass 
sample has a slightly higher intensity than in the PTFE sample, likely 
contributing to the more pronounced reduction of Ag+ in the glass 
sample with more ⋅O2⁻ radicals. In contrast, the almost invisible reduc-
tion of Ag⁺ in the PTFE system is hypothesized due to its highly oxidative 
environment generated by ⋅OH. As shown in Fig. 2b, EPR analysis using 
0.10 M 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a radical trapping 
agent revealed the characteristic quadruplet peaks of DMPO-⋅OH. The 
significantly more intense peaks observed in the PTFE system, compared 
to the glass system, confirm a higher yield of ⋅OH, indicating a more 
oxidative environment. These strong oxidative conditions likely sup-
press Ag⁺ reduction, thereby inhibiting AgNPs formation. To gain further 
insights into the electron transfer dynamics, the reduction of 2,2,6,6-Tet-
ramethylpiperidine 1-oxyl (TEMPO), a paramagnetic electron scav-
enger, during ultrasonication in DI water in the presence of PTFE and 
glass balls was also investigated using EPR spectroscopy [37]. The 
reduction of TEMPO to its non-paramagnetic form, TEMPOH, results in a 
decrease in the EPR signal intensity. Notably, a more substantial 
reduction of TEMPO was observed in the PTFE system compared to the 
glass system, suggesting that the PTFE surface acquires more electrons 

Fig. 1. Characterization of Ag⁺ reduction to AgNPs. a) TEM photograph of AgNPs and measurement of d-spacing, insets contain the SAED pattern of the particles. b) 
SEM photograph of particle AgNPs. c) EDX mapping of AgNPs. d) UV-Vis absorption plot of AgNO₃ solution (concentration 1 mM) containing glass balls during 2- 
Hour US with 30-minutes intervals. e) The reduction of Ag⁺ in aqueous solution mediated by glass/PTFE dielectrics via CE after 1 h. Error bars represent the standard 
deviations from three independent experiments.
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during solid-liquid CE, as illustrated in Fig. 2c. This behavior can be 
attributed to the presence of highly electronegative fluorine atoms in 
PTFE, which attract electrons, making it more likely to acquire electrons 
in this process. As Ag⁺ ions can be reduced upon receiving electrons from 
a negatively charged dielectric, the surface characteristics of the 
dielectric play a crucial role in determining its electron-donating prop-
erties. The enhanced Ag⁺ reduction in the glass system was proposed to 
arise from oxygen-containing functional groups on the glass surface, 
which, due to their stronger electron-donating properties compared to 
fluorine in PTFE, facilitate more efficient electron transfer to Ag⁺ and 
oxygen molecules (O2). To evaluate the contribution of sonochemical 
effects in the absence of a dielectric interface, a control experiment was 
performed under identical ultrasonication conditions but without the 
dielectric material. As shown in Figure S8, no discernible reduction of 
Ag⁺ was observed, indicating that ultrasonication alone does not induce 
the reduction process. The reduction of Ag⁺ is believed to proceed via 
direct electron transfer from the dielectric surface, while electrons 
transferred to O2 generate ⋅O2⁻, which synergistically enhances the 
process. Previous studies have demonstrated that charge transfer at 
solid-liquid interfaces can be effectively evaluated using density func-
tional theory (DFT), offering important insights into the mechanisms of 
CE in aqueous systems [48]. Charge transfer is anticipated when a solid 
during solid-liquid CE, which is a fundamental characteristic of CE. To 
validate our hypothesis regarding the different electron-donating abili-
ties of glass and PTFE surfaces, DFT calculations were performed to 
quantify the charge transfer from these materials to Ag⁺ and O2 during 
solid-liquid CE. The charge density difference reveals the spatial distri-
bution of charge migration within each system, with yellow regions 
representing charge accumulation and blue regions indicating charge 
depletion, as shown in Fig. 2d. Quantitative Bader charge analysis in-
dicates that the charge transfer from the glass surface to Ag+ (0.82695 e) 

is significantly higher than that observed from PTFE to Ag+ (0.03653 e), 
with a difference of approximately 22.6 times. This considerable 
disparity suggests that the glass surface exhibits a stronger 
electron-donating capability towards Ag+. Similarly, the charge transfer 
from the glass surface to O2 (0.09961 e) is markedly higher compared to 
the charge transfer observed from PTFE to O2 (0.003083 e), with a 
difference of approximately 32.3 times The observed differences in 
charge transfer are attributed to the intrinsic chemical properties of the 
materials. The silicate network structure of glass, rich in oxygen atoms 
and exhibiting structural flexibility, facilitates the donation of electron 
density to both Ag+ and O2. In contrast, PTFE, characterized by highly 
electronegative fluorine atoms and stable C-F bonds, exhibits a signifi-
cantly reduced electron-donating capacity. These results provide strong 
theoretical support for the hypothesis that the glass surface enhances 
electron transfer, where direct electron donation and ⋅O2⁻ generation 
synergistically facilitate Ag⁺ reduction.

To further elucidate the relationship between reduction efficiency 
and surface characteristics, the glass substrate was subjected to oxygen 
plasma etching. This treatment is expected to facilitate the incorporation 
of oxygenated surface functional groups, such as hydroxyl (-OH) and 
carboxyl (-COOH) moieties etc., thereby enhancing surface polarity [49, 
50]. As shown in Figure S9, the reduction efficiency of Ag⁺ was slightly 
increased following surface modification. The modest improvement in 
reduction activity is believed to result from the enhancement in surface 
properties induced by plasma treatment. Oxygen plasma treatment 
removes organic contaminants, dust, and other impurities, improving 
the surface’s interaction with materials. This is also believed to cause a 
slight increase in surface hydrophilicity through the incorporation of 
oxygen-containing functional groups, contributing to the observed ef-
fect. To evaluate this, we measured the contact angle of water on the 
glass surface before and after plasma etching. Figure S10 shows a slight 

Fig. 2. Schematic radical generation and product formation in CE-Chemistry. a) EPR spectroscopic analysis of TEMP signals in PTFE and Glass. b) EPR Spectroscopic 
analysis of DMPO signals in PTFE and Glass. c) EPR Spectroscopic analysis of TEMPO signals in PTFE and Glass. d) Simulated spatial distribution of charge density 
difference between Ag⁺/ O2 molecules and PTFE/Glass surfaces, highlighting the charge transfer interactions.
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reduction in contact angle was observed, indicating modest enhance-
ment in hydrophilicity and a corresponding improvement in reduction 
efficiency. These results suggest that surface modification also plays a 
role in the mechanism of CE-Chemistry.

2.2. Proposed mechanism of Ag+ reduction in CE-Chemistry

To investigate the role of ⋅O₂⁻, which typically arises from the 
reduction of oxygen, experiments were conducted under different at-
mosphere conditions, including argon (anaerobic), oxygen (aerobic), 
and ambient air. As shown in Figure S11-S12, the reduction of Ag⁺ in the 
glass system was significantly enhanced under anaerobic conditions 
compared to that observed under ambient environment. It is proposed 
that, in the absence of oxygen, electrons captured by the glass surface 
are efficiently transferred to Ag⁺ from the dielectric surface, thereby 
facilitating Ag⁺ reduction. This is supported by our DFT results, which 
also eliminate the possibility that only ⋅O₂⁻ radicals are responsible for 
Ag⁺ reduction. Besides, under aerobic conditions, the reduction of Ag+ in 
the glass system was also markedly enhanced relative to that under 
ambient atmosphere (Figure S13-S14). Such enhancement is likely 
attributed to the increased availability of oxygen, which facilitates the 
generation of more ⋅O₂⁻ to promote Ag+ reduction A control experiment 
was conducted by introducing O2 under otherwise identical ultra-
sonication conditions, but in the absence of the glass dielectric material, 
to rule out any contribution from sonochemistry in promoting Ag⁺ 
reduction under aerobic conditions. As shown in Figure S15, no 
noticeable reduction of Ag⁺ was observed, confirming that the enhanced 
Ag⁺ reduction is not driven by sonochemical effects. In contrast, the 
PTFE system consistently exhibited minimal Ag⁺ reduction across 
anaerobic, aerobic, and ambient atmosphere conditions, as shown in 
Figure S11-S14. This might because the characteristic of PTFE system 
generates higher levels of ⋅OH in solid-liquid CE, which creates a highly 
oxidative environment. In summary, within the glass system, electron 
transfer from water to the glass surface due to the solid-liquid CE effect, 
occurs through two primary pathways: some of the transferred electrons 
directly reduce Ag⁺ ions at the glass surface, some of electrons are 
transferred to oxygen, generating ⋅O₂⁻ radicals that further promote Ag⁺ 
reduction (Fig. 3).

2.3. Non-aqueous CE-Chemistry

In aqueous systems, CE-Chemistry has been systematically studied, 
revealing a strong tendency to form an EDL screening effect that inhibits 
interfacial electron transfer. This phenomenon arises from the adsorp-
tion of H⁺ ions onto the negatively charged dielectric surface, impeding 
the dynamics of CE-Chemistry reactions. On the other hand, the gen-
eration of ⋅OH radicals in aqueous systems is generally unfavorable for 
reduction reactions. To broaden the applicability of CE-Chemistry in 
reduction, the process was systematically investigated in an organic 
system using DMSO as a solvent. Moreover, DMSO offers relatively low 
toxicity compared to many other organic solvents, making it a more 
environmentally benign choice for non-aqueous CE-Chemistry. In this 
system, dimethyl sulfoxide (DMSO) acts as an electron donor upon 
contact with dielectric, resulting in the formation of methyl radicals 
(⋅CH₃) and other reactive intermediates (DMSO*), while dielectric be-
comes negatively charged [36]. Notably, both PTFE and glass exhibited 
significantly enhanced catalytic activity in DMSO compared to DI water, 
as shown in Figure S16. This pronounced improvement in reduction 
efficiency highlights the crucial role of solvent properties in governing 
electron transfer dynamics. The enhanced catalytic activity in DMSO is 
likely due to its low ion concentration [36], which minimizes the EDL 
screening effect and facilitates more efficient electron transfer between 
the dielectric surface and reactants. Additionally, molecular oxygen 
exhibits significantly greater solubility in DMSO than in water, resulting 
in increased local oxygen availability near the reactive interface [51]. 
This elevated oxygen concentration enhances its ability to accept elec-
trons from the dielectric surface, subsequently promoting the reduction 
of Ag⁺ ions. Moreover, DMSO itself exhibits intrinsic reducing capabil-
ities and has been reported to directly reduce molecular oxygen to ⋅O₂⁻ 
even in the absence of external electron donors [52]. The generation of 
such reactive oxygen species further amplifies the overall reduction ef-
ficiency. This enhanced electron transfer mechanism consequently ac-
celerates the reduction process. Notably, under ambient conditions, 
glass exhibits higher reduction efficiency than PTFE in DMSO, aligning 
with its stronger electron-donating ability observed in DI water. As 
demonstrated previously, no ⋅OH radicals were detected in DMSO, 
consistent with previous findings where DMSO acted as a scavenger for 
⋅OH [36]. I In such an environment, ⋅O₂⁻ is likely to play a pivotal role in 
the reduction mechanism. In the PTFE system, a contrast is observed 

Fig. 3. Schematic of the mechanistic pathway showing electron acquisition by glass, superoxide radical generation via solid-liquid CE, and Ag⁺ reduction to AgNPs.
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with aqueous systems under ambient conditions, where the environment 
is more oxidative due to the higher presence of ⋅OH, inhibiting the 
involvement of ⋅O₂⁻ in the reduction process. In DMSO, the enhanced 
electron transfer and increased generation of ⋅O₂⁻ work synergistically to 
promote the reduction process, resulting in enhanced Ag⁺ reduction in 
both the PTFE and glass systems. The experiment was also repeated in 
both aerobic and anaerobic systems, revealing significantly improved 
reduction performance for both PTFE and glass, further aligning with 
the mechanism verified in aqueous systems (Figure S17). X-ray photo-
electron spectroscopy (XPS) was further employed to analyze the surface 
chemical composition of glass and PTFE dielectric balls before and after 
the reaction. The analysis, conducted after ultrasonication for 2 h in DI 
water and DMSO, revealed no significant changes in the surface 
composition (Figure S18). These findings indicate that glass and PTFE 
dielectrics exhibit high chemical and mechanical stability, contributing 
to their excellent recyclability.

2.4. Synergetic effect of and Ag⁺ reduction and MO degradation

The degradation of the azo dye MO has been the subject of extensive 
research over the past few decades, with various strategies being 
explored to enhance its degradation efficiency [53–56]. Among these 
strategies, the use of nanoparticles, particularly AgNPs, has emerged as a 
promising approach due to their unique catalytic properties [57–59]. 
AgNPs are synthesized through methods such as chemical reduction, 
physical techniques, biological processes, green synthesis methods, and 
electrochemical methods, offering versatile preparation options. 
Various studies have synthesized AgNPs using these methods and sub-
sequently employed photocatalysis to utilize the synthesized AgNPs for 
the degradation of pollutant dyes, such as MO [60]. Recently, numerous 
studies have also successfully employed CEC for the degradation of MO 
[18,61]. Given the growing interest in CEC-mediated MO degradation, 
the catalytic performance of glass was evaluated. Glass balls, identical in 
number and diameter to those used in the reduction experiments, were 
employed. However, no significant MO degradation was observed 
within two hours of ultrasonication (Figure S19). This outcome is 
ascribed to the crucial role of reactive ROS, particularly ⋅OH, as key 
drivers of MO degradation. As previously discussed, the reduced ⋅OH 
generation capacity of glass likely accounts for its poor catalytic effi-
ciency in this process. However, upon introducing AgNO₃ into the 

aqueous system, a pronounced enhancement in MO degradation by the 
glass balls was observed (Fig. 4a). Given the prior findings demon-
strating the ability of glass to facilitate the reduction of Ag⁺ ions to 
nanoparticles, this enhancement is ascribed to the catalytic role of 
in-situ generated AgNPs. Prolonged ultrasonication facilitated contin-
uous nanoparticle formation, progressively enhancing MO degradation 
efficiency. This was evidenced by the fading of MO’s color, a decline in 
its UV–vis absorption peak, and an increase in silver inter-band transi-
tions around 320 nm (Figure 4b and S19).

The underlying mechanism is proposed to involve AgNPs enhancing 
the generation of reactive ROS, thereby accelerating MO degradation 
[58,62]. The production of H2O2 in CEC systems is well-documented, 
with recent studies confirming the effective generation of H2O2 
through CEC [38,63]. In this process, H2O2 is proposed to form via CEC 
involving AgNPs and glass through the two-electron oxygen reduction 
reaction (2e⁻ ORR) and a less favorable two-electron water oxidation 
reaction (2e⁻ WOR) pathway [64,65]. Furthermore, interactions be-
tween H₂O₂ and AgNPs have been reported to induce the formation of 
⋅OH, as well as the generation of ⋅O₂⁻ by AgNPs through the transfer of 
surface electrons to dissolved oxygen, along with their corresponding 
reaction kinetics [65–68]. It has also been reported that hydroxide ions 
(OH-) can lose an electron to AgNPs to generate ⋅OH [58]. In the present 
study, it is proposed that both H2O2 and OH- interact with AgNPs to 
produce ⋅OH radicals. Simultaneously, the surface of AgNPs acts as an 
electron reservoir, facilitating electron transfer to molecular oxygen and 
promoting the formation of ⋅O2⁻[62,68]. It is well-established that 
surface-trapped electrons on AgNPs play a crucial role in redox pro-
cesses by reducing molecular oxygen to ⋅O2⁻, without altering the 
metallic Ag⁰ core [68]. In contrast, the direct oxidation of AgNPs by 
oxygen is kinetically unfavorable. Moreover, ⋅O2⁻ can donate electrons 
back to the AgNPs surface, reinforcing a dynamic and reversible redox 
cycle at the nanoparticle interface [62]. This continuous electron ex-
change sustains the generation of reactive oxygen species, including ⋅O2⁻ 
and hydroxyl radicals (⋅OH), the latter formed primarily through the 
reaction of H2O2 with the AgNP surface. The combined action of ⋅OH 
and ⋅O2⁻ radicals play a crucial role in the enhanced degradation of MO. 
Fig. 4c presents a schematic representation of the synergistic process of 
AgNPs synthesis and MO degradation. Based on the observed results, the 
following reaction mechanism is proposed to explain the production of 
reactive radicals. 

Fig. 4. Ag⁺ reduction and MO degradation, mechanistic insight. a) MO degradation performance of Glass with and without AgNO₃, Error bars represent the standard 
deviations from three independent experiments. b) UV-Vis spectra of MO-AgNO₃ solution during 2-Hour ultrasonication with Glass Balls. c) Schematic of the 
mechanistic pathway for synergistic AgNPs synthesis and MO degradation.

M. Shah et al.                                                                                                                                                                                                                                   Nano�Energy�144��������111380�

6�



O₂ + 2H⁺ + 2e⁻ → H2O2 (2e⁻ ORR)                                                 (1)

2H2O → H2O2 + 2H++ 2e⁻ (2e⁻ WOR)                                            (2)

⋅O₂⁻ + ⋅O₂⁻ + 2H+ → 2H2O2 + O2                                                   (3)

AgNPs*⁻ + O2 → AgNPs + ⋅O₂⁻                                                       (4)

AgNPs+ H2O2→Ag+ + ⋅OH + OH⁻                                                  (5)

The synergistic approach to dye degradation via CE-Chemistry offers 
a compelling alternative to traditional electrochemical and photo
catalytic methods. Conventional systems require external energy inputs, 
such as applied voltage or light irradiation, as well as complex setups 
and additional reagents, all of which contribute to higher operational 
costs and environmental burdens. Moreover, existing methods depend 
on AgNPs synthesized through multi-step processes that involve addi
tional reagents. In contrast, the CE-driven process enables the in-situ 
generation of AgNPs, eliminating the need for external nanoparticle 
synthesis and reducing reagent consumption, process complexity, and 
environmental impact. This approach of synergistic in-situ AgNPs for
mation and dye degradation enhances efficiency, cost-effectiveness, and 
environmental sustainability, offering a more practical and viable 
alternative to conventional organic pollutant degradation strategies.

2.5. Influence of solid-solid contact electrification in CE-Chemistry

Triboelectrification, the process by which two materials acquire 
opposite charges upon contact and subsequent separation, has long been 
recognized for its role in chemical reactions [69]. The ability of tribo
electrically charged dielectrics to facilitate redox processes has been 
demonstrated in several studies. Bard et al. use electrochemical exper
iments to demonstrate various chemical reactions triggered by 
pre-charged PTFE, including pH increase, hydrogen formation, metal 
deposition, and reduction of Fe(CN)6

3- [70]. Wang et al. demonstrated 
that CE between oppositely charged microdroplets generates excep
tionally strong electric fields, reaching ~10⁹ V/m. These fields have 
been shown to dissociate water molecules, producing ⋅OH, which play a 
crucial role in CEC[71]. Recent studies have primarily focused on 
continuous CE processes, such as ultrasound or ball milling of dielectrics 
in solution, rather than on the approach of pre-charging dielectric ma
terials and subsequently immersing them in solution to initiate redox 
reactions [72–74]. This study investigates the influence of solid-solid 
contact electrification between two dielectrics, each exhibiting 
different surface charge densities after contact with water and immer
sion in solution, on CE-chemistry, as illustrated in Supplementary 
Figure S20. Unlike previous methods that rely on pre-charged di
electrics, this approach focuses on dynamic solid-liquid CE within the 
reaction medium. This paper examines whether continuous CE cycles at 
solid-solid interfaces within aqueous and non-aqueous media can 
generate localized electric fields that modulate redox reactions. An 
experimental setup was designed in which an equal number of PTFE and 
glass balls, each with a diameter of 4 mm (30 balls of each material), 
were employed. These materials, with opposing triboelectric properties 
and initially uncharged, were immersed in a 20 mL solution of 1 mM 
potassium ferrocyanide to investigate their influence on interfacial 
electron transfer processes. The system was subjected to ultrasonication 
for 2 h, with sampling intervals of 30 min. To verify whether repetitive 
CE cycles between the dielectric materials generate an electric field that 
breaks water molecules into ⋅OH, promoting redox reactions and driving 
the oxidation of ferrocyanide to ferricyanide, experiments were con
ducted with both PTFE-glass and PTFE-only systems. The results were 
compared to a control sample containing only PTFE balls, for which 
highly efficient solid-liquid CE oxidative performance has been previ
ously reported in the literature [18,33,75]. The oxidation of ferrocya
nide to ferricyanide was found to be marginally more efficient in the 
system containing only PTFE balls, demonstrating a slight enhancement 

in catalytic activity compared to the mixed PTFE-glass system (Fig. 5a). 
To further confirm these results, the experiment was repeated using 
nylon balls, which are also triboelectrically positive, yielding similar 
outcomes. PTFE exhibited the highest performance, followed by the 
PTFE-nylon mixed system, and lastly the nylon-only system 
(Figure S21).

To elucidate the reduced catalytic performance observed in the 
PTFE-glass system, electron EPR spectroscopy was employed to probe 
the electron dynamics and radical species implicated in the oxidation 
process. Fig. 5b showed a more substantial reduction of TEMPO was 
recorded in the PTFE system compared to both the PTFE-glass and glass- 
only systems, suggesting that the PTFE surface exhibits a higher pro
pensity for electron acquisition. Furthermore, the utilization of DMPO, a 
⋅OH scavenger, revealed a pronounced EPR signal in the PTFE system, 
indicative of enhanced ⋅OH production relative to both the mixed PTFE- 
glass and glass-only systems, as shown in Fig. 5c. To further confirm this, 
we conducted a terephthalic acid (THA) fluorescence assay, wherein 
THA was employed as a scavenger for ⋅OH, enabling the monitoring of 
their generation through an increase in fluorescence intensity corre
sponding to the THA-OH adduct [30,76]. The fluorescence data revealed 
a significant enhancement in signal intensity in the PTFE system, fol
lowed by the PTFE-glass system, and the glass-only system, corrobo
rating the higher production of ⋅OH in the PTFE system (Fig. 5d). Taken 
together, these findings suggest that PTFE plays a predominant role in 
driving the oxidation process. In the PTFE-glass composite system, it is 
proposed that the electric field generated from solid-solid CE is insuffi
cient to break water molecules into oxidative radicals. Furthermore, the 
presence of glass balls slightly impedes the solid-liquid interaction be
tween PTFE and the solution, leading to a marginal decrease in 
CE-Chemistry efficiency and, consequently, a slight reduction in cata
lytic performance We also examined the effect of varying the 
PTFE-to-glass ball ratio while keeping the total number of balls constant 
(1:3). The results corroborate our findings that increasing the proportion 
of glass balls leads to reduced reaction efficiency. This suggests that glass 
impedes the solid–liquid interactions between PTFE and the solution, 
rather than enhancing the process through solid–solid contact electrifi
cation. The experiment was also repeated for MO degradation, and 
consistent with our observations, the PTFE-only system exhibited higher 
degradation efficiency than the combined PTFE–glass system 
(Figure S23). This indicates that in this mixed system, the overall 
CE-Chemistry reaction efficiency is primarily determined by the 
solid-liquid pair with the greatest electronegativity difference, as the 
area and probability of solid-liquid contact are much greater than those 
of solid-solid contact in the system.

3. Conclusion

In conclusion, this study offers comprehensive insights into the 
mechanistic pathways governing solid-liquid CE-Chemistry, particularly 
in the context of Ag+ reduction. It redefines the CE-Chemistry mecha
nism by demonstrating that reduction efficiency is governed by both the 
electron-extracting properties of the solvent and the electron-donating 
nature of the dielectric material. DFT calculations substantiate this, 
revealing the critical role of the dielectric in catalyzing CE-driven metal 
ion reduction. The glass system notably enhances Ag+ reduction, while 
PTFE shows limited activity, underscoring the importance of surface 
chemistry in electron transfer processes. The study further identifies a 
dual mechanism for solid-liquid CE-based Ag+ reduction, involving 
direct electron transfer from the dielectric and the generated of ⋅O2⁻ 
during CE. Solvent properties, particularly DMSO, significantly enhance 
reduction performance, with improvements observed under both aero
bic and anaerobic conditions. The investigation also reveals a synergistic 
interaction between MO degradation and Ag+ reduction under solid- 
liquid CE conditions, where the glass surface facilitates Ag+ reduction 
and in situ-generated AgNPs drive MO degradation without the need for 
additional reagents or catalysts. The generation of ROS, particularly ⋅OH 
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radicals, plays a pivotal role in this catalytic process, with the synergistic 
effects of solid-liquid CE accelerating degradation, and AgNPs acting as 
efficient catalysts. The role of solid-solid CE in governing charge in-
teractions is explored, showing that CE-Chemistry efficiency is primarily 
determined by the solid-liquid pair with the greatest electronegativity 
difference, due to the larger area and higher probability of solid-liquid 
contact. These findings provide new mechanistic insights into CE- 
driven metal ion reduction and open avenues for further exploration 
in pollutant dye degradation, precious metal reductions, and material 
optimization. This innovative paradigm provides fresh insights into the 
role of triboelectric charge in chemical transformations, paving the way 
for a deeper understanding of charge dynamics and their potential ap-
plications in catalysis and material synthesis.
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