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Solid—-liquid contact electrification (SL-CE) has emerged as a dis-
tinctive pathway for driving interfacial chemistry, yet the principles
governing how triboelectric polarity couples with electrolyte iden-
tity to regulate reaction activity remain poorly understood. In this
study, triboelectricity-driven chemistry at solid—liquid interfaces
was examined using two representative materials positioned at far
ends of the triboelectric series, and paired with cationic or anionic
dyes. It was found that adsorption and the formation of an electrical
double layer might result in suppressed interfacial charge transfer,
leading to markedly diminished, and in some cases fully inhibited,
generation of reactive oxygen species. These findings establish a
mechanistic framework for triboelectric polarity—electrolyte cou-
pling, highlighting the pivotal role of surface physicochemical
properties in governing SL-CE and offering general design princi-
ples for optimizing triboelectricity-driven chemical reactions.

Introduction

Interfacial chemical reactions underpin a broad spectrum of
natural and technological processes, and their mechanistic
origins have long been a subject of sustained investigation.
Photocatalysis and electrocatalysis exemplify established para-
digms in which interfacial charge carriers initiate and steer
chemical transformations. Recently, triboelectricity-driven
contact-electro-chemistry (CE-Chemistry) has emerged as a
compelling alternative paradigm, enabling interfacial reactions
to proceed in the absence of external irradiation or applied
bias." Rooted in mechanically driven solid-liquid contact elec-
trification (SL-CE), CE-Chemistry initiates with interfacial elec-
tron transfer, followed by ion migration and electrical double-
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New concepts

This work establishes a surface-governed framework for contact-electro-
chemistry (CE-Chemistry), demonstrating that charge transfer at solid—
liquid interfaces scales with the effective contact area and is critically
determined by the interfacial charging behavior of the dielectric in aqueous
environments. We reveal that reaction efficiency is not an intrinsic bulk
property but is governed by how electrolyte polarity, surface charge, and
hydrophobic interactions collectively regulate liquid-solid interface contact
and charge transfer. Using model systems, we show that negatively charged
surfaces paired with negatively charged electrolytes enhance charge transfer
through electrostatic repulsion that improves interfacial wetting, whereas
oppositely charged combinations promote ion adsorption that blocks active
sites and suppresses electron transfer, in extreme cases leading to complete
reaction inhibition. These findings depart from conventional interpreta-
tions that emphasize bulk dielectric or mechanical effects, and instead
identify dynamic surface charge regulation as the dominant factor control-
ling contact electrification and reactivity. By unifying contact-area scaling,
surface charge effects, and adsorption-mediated blocking into a single
conceptual picture, validated across different activation modes such as
ultrasound and ball milling, this work provides new mechanistic insight
into interfacial charge transfer. The concept offers a rational strategy for
tuning contact electrification processes through surface engineering,
advancing nanoscience by linking nanoscale interfacial physics directly to
macroscopic chemical functionality.

layer (EDL) formation, while the same electron-transfer process
concurrently drives the generation of reactive oxygen species
(ROS).> These coupled events are governed by the transient
electric fields produced during contact and separation.®* The
scope of CE-Chemistry has expanded rapidly, evolving from
early demonstrations in pollutant degradation for water treat-
ment to a broad suite of diverse redox transformations,*”
polymerization reactions, fluorescence modulation,®® and a
growing range of chemical processes in both aqueous and non-
aqueous environments,” " along with medical and energy
harvesting applications.”>™®> As the field advances, it has
become increasingly important to delineate the material, inter-
facial, and electrolyte parameters that govern CE-Chemistry
efficiency and ultimately define the boundaries of its broader
chemical potential.*®*”

This journal is © The Royal Society of Chemistry 2026
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CE-Chemistry provides a distinctive framework for elucidat-
ing the fundamental mechanisms that govern electron transfer
from the liquid phase to solid surfaces.'®* When exposed to the
intense localized pressures and temperatures generated by
ultrasound, reactive aqueous environments synergistically
accelerate interfacial electron-transfer processes, enabling effi-
cient contact-electro-catalysis (CEC) through the generation of
ROS. Despite the recent surge of interest in solid-water inter-
facial phenomena, the fundamental principles governing CEC
remain at an early stage, underscoring the need for a deeper
mechanistic understanding of solid-liquid interactions.
Although electron transfer is central to CEC and ostensibly
shared across materials, no study has yet provided a compre-
hensive comparison of rate kinetics or catalytic efficiencies
among different triboelectric materials. Only a few reports have
examined EDL formation in aqueous CEC systems, despite its
likely impact on reaction kinetics.'®'**° Likewise, mechanistic
insights remain limited to studies that modulate surface func-
tional groups, with far fewer investigations exploring material
substitution, fluorination of non-fluoropolymers, or the rate
constants associated with fully fluorinated materials.>'™*
Recent literature indicates that electron transfer in SL-CE is
governed not only by the intrinsic triboelectric series of materi-
als but also by the dynamic configuration of the interfacial
EDL.>>° However, the direct measurement of the EDL under
mechanically driven, transient conditions remains experimen-
tally challenging, leaving unresolved how the charge polarity of
the solid surface and the ionic composition of the contacting
electrolyte jointly regulate charge transfer, ROS generation, and
overall reaction kinetics.

In this study, we interrogate the fundamental role of charge
polarity by systematically comparing triboelectric materials
spanning opposite ends of the triboelectric series and surface
functional groups to elucidate how dielectric charge and
electrolyte ion polarity co-govern CE-Chemistry. To our knowl-
edge, this is the first study to systematically interrogate solid
dielectrics selected from the extreme ends of the triboelectric
series in combination with electrolytes containing either
cationic or anionic species, thereby revealing how surface
adsorption and the resulting interfacial EDL structure collec-
tively govern reaction kinetics. We first quantified the intrin-
sic charge density of each dielectric using a triboelectric
nanogenerator (TENG), then determined the charge generated
at solid-liquid interfaces using a water-droplet TENG configu-
ration to establish the polarity and magnitude of charge
transfer during dielectric solid-water contact. These materials
were subsequently evaluated in an ultrasound-driven CE-
Chemistry process, allowing direct comparison of their charge
generation under water, adsorption behavior, and catalytic
performance toward cationic or anionic charged dyes, as well
as their activity on surfaces with inverse polarity during ball-
milling catalysis. Collectively, this work establishes a mecha-
nistic insight linking adsorption, EDL structure, and surface
charge polarity to CE-Chemistry reaction kinetics, offering a
new framework for the rational design of triboelectric trig-
gered reactions.

This journal is © The Royal Society of Chemistry 2026

Nanoscale Horizons

Results and discussion
Charging behavior in contact electrification

A central mechanistic question in CE-Chemistry is how contact
electrification (CE) at the interfaces of polytetrafluoroethylene
(PTFE), polyamide 6,6 (PA-66), translates into measurable cata-
Iytic activity. Although interfacial electron transfer and charge
separation constitute the primary origin of CE, the resulting
catalytic output arises from the coupled effects of the excitation
mode, the hydrophobic or hydrophilic nature of the surface, the
structure of the EDL, and the polarity and magnitude of the
surface charge. In this section, the influence of solid-solid
contact on the initial charge density is elucidated, and the
manner in which this interfacial charge governs EDL formation
and, ultimately, the efficiency of CE-driven reaction pathways is
examined.

Fig. 1a and b shows the molecular structures of PTFE and PA-
66, two polymers deliberately selected from opposite extremes of
the triboelectric series to enable a systematic investigation of
how triboelectric polarity couples to electrolyte identity in SL-CE.
PTFE, enriched with highly electronegative —~CF, groups, exhibits
a strong electron-accepting character and thus resides near the
most negative end of the triboelectric series. By contrast, PA-66
contains electron-donating amide (-CONH-) functionalities,
positioning it at the positive end. Both polymers also display
strikingly different behaviour when immersed in an aqueous
electrolyte. Under neutral pH conditions (~ 6-8), both materials
acquire a net negative surface charge, consistent with their well-
established isoelectric points (IEP): ~3 for PTFE**™ and ~4-5
for PA-66.>* Above these pH thresholds, deprotonation and
interfacial electron transfer yield negatively charged surfaces
that develop classical EDLs comprising counter-ion enrichment
in the Stern layer.

Faraday-cup measurements (Fig. 1c and d) confirm this
behaviour quantitatively. Upon repeated contact, water consis-
tently emerges with a net positive charge, while the solid surfaces
accumulate negative charge. The magnitude of this charge
transfer varies systematically with the dielectric: PTFE generates
the largest negative charge (~0.30 nC per cycle), followed by PA-
66 (~0.15 nC), reflecting their relative positions in the tribo-
electric series and their interfacial electron-accepting propensi-
ties. Together, these measurements establish a clear hierarchy of
triboelectric charge acquisition in aqueous media: PTFE > PA-
66, and demonstrate that dielectrics drawn from opposite ends
of the triboelectric series retain distinct and predictable charging
behaviour even under aqueous solid-liquid contact.

Fig. 1g presents a schematic illustrating the electrical double
layer (EDL) formation at the dielectric solid-liquid interface. It
is important to recognize that surface wettability plays a
determinative role in interfacial charge-transfer pathways. Rela-
tively hydrophobic surfaces preferentially promote electron
transfer, whereas hydrophilic surfaces facilitate ion transfer
due to stronger interfacial interactions and more pronounced
EDL formation. This tunable material contrast provides a
mechanistic foundation for systematically analyzing how tribo-
electric polarity, surface wettability, interfacial adsorption, and
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Fig. 1 Molecular structures of (a) PTFE and (b) PA-66. Charge transfer measurement between water and (c) PTFE and (d) PA-66. Contact angle of water
with (e) PTFE and (f) PA-66. (g) Wang's two-step EDL, model and its formation processes. (a) In the first step, electron transfer occurs between the liquid
and the solid, while ions might also adsorb onto the solid surface. (b) In the second step, free ions in the liquid are attracted to the charged solid surface

due to electrostatic interactions. Reproduced with permission from American Chemical Society (2022

EDL structure collectively govern CE-Chemistry reaction

kinetics.>*™®

Quantifying the density of triboelectric charges

To quantify the triboelectric charge, films with a surface area of
2.5 cm” were prepared from three dielectrics materials, with a
copper electrode laminated beneath each film to serve as
the charge-collecting layer (Fig. S2). To establish the intrinsic
charge characteristics of PTFE and PA-66, the triboelectric
charge density generated under controlled solid-solid and

1428 | Nanoscale Horiz., 2026, 11, 1426-1434
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solid-liquid contact was then systematically quantified. These
measurements form the foundation for understanding how
surface polarity and charge magnitude regulate subsequent
adsorption behavior, EDL formation, and CE-Chemistry reac-
tion kinetics. Fig. 2 summarizes the experimental configura-
tions and the resulting charge outputs. Fig. 2a and b positions
these materials along the triboelectric series: PTFE lies at the
strongly negative end and PA-66 at the strongly positive end.
This ordering defines the expected direction of electron trans-
fer during contact and establishes an essential framework for

This journal is © The Royal Society of Chemistry 2026
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PTFE-PTFE O, Plasma treated PTFE

(a) Solid—solid and solid-liquid contact electrification between different materials. (b) A visual illustration of solid—solid CE. (c) Bar chart showing the

amount of charge transferred between different dielectric films. The red wire was attached to PA in PTFE—-PA CE. (d) A visual illustration of SL-CE. SL-CE
between two dielectric films in the presence of different amounts of water droplets: (e) PTFE-PTFE, (f) PA-PA and (g) PA—PTFE. (h) Schematic of the PTFE
surface before and after oxygen plasma treatment. (i) Charge transfer measurement between PTFE—-PTFE and oxygen plasma treated PTFE—PTFE slabs.

interpreting catalytic behavior that is further discussed in the
upcoming sections. To quantify solid-solid charge generation, a
vertical contact-separation triboelectric nanogenerator (TENG)
configuration was used (Fig. 2b and Fig. S1). Repeated mechan-
ical contact induces interfacial electron transfer, generating
opposite charges on the two surfaces. Fig. 2¢ shows the resulting
charge densities for each pairwise contact. As anticipated from
the triboelectric series, PTFE-PA interactions yield the highest
charge output due to their extreme polarity contrast.

To probe solid-liquid interfacial charge transfer, a key step
in CE-Chemistry in aqueous systems, we employed a droplet-
based solid-liquid TENG (Fig. 2d). In this configuration, water
droplets repeatedly impact and detach from the dielectric sur-
face, allowing direct quantification of the charge transferred
during each event. This method captures the polarity and
magnitude of electron exchange between the dielectric and
water, providing insights into how CE initiates EDL formation
in aqueous environments. Water droplets of varying volumes
(0, 50, 100, 150, and 200 pL) were introduced between the two
surfaces at a fixed separation distance of 1 mm during contact.
Increasing the droplet volume led to a proportional increase in

This journal is © The Royal Society of Chemistry 2026

the measured triboelectric charge, an effect attributed to the
enlarged effective contact area between water and the dielectric
surface. The measured triboelectric output for water contacting
PTFE and PA-66 is shown in Fig. 2e-g. Water consistently
acquires a net positive charge, while all solid surfaces become
negatively charged, confirming an electron-donating tendency
from water to the dielectric in the case of SL-CE. Among the
materials, PTFE exhibits the highest negative charge transfer,
followed by PA-66. These trends correlate with their hydropho-
bicity and their relative positions along the triboelectric series,
demonstrating that intrinsic surface chemistry governs the
extent of solid-water electron transfer. The statistical distribu-
tions of charge output across repeated cycles further under-
score these differences. PTFE showed the highest and most
consistent charge density, reflecting its strong electron-
accepting nature. PA-66 exhibited intermediate values with
moderate variability. Collectively, these comparisons confirm
that triboelectric charge density arises from the coupled effects
of surface polarity, chemical functionality, and wettability.
Furthermore, the PTFE surface was subjected to oxygen
plasma treatment to deliberately tailor its surface chemistry

Nanoscale Horiz., 2026, 11,1426-1434 | 1429
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and interfacial properties. Oxygen plasma etching introduces
polar oxygen-containing functional groups, particularly hydro-
xyl (-OH) species, onto the otherwise chemically inert PTFE
surface through bond scission and surface activation, as sche-
matically illustrated in Fig. 2h. This modification markedly
increases the surface energy and alters wettability, transform-
ing the initially hydrophobic PTFE into a more hydrophilic
interface. The change in wettability is corroborated by contact-
angle measurements obtained before and after plasma treat-
ment, as shown in Fig. S4.

The incorporation of hydroxyl functionalities increases the
surface affinity toward polar liquid molecules and strengthens
interfacial interactions, thereby promoting ion adsorption and
facilitating EDL formation. Experimentally, this effect is man-
ifested as a pronounced reduction in the measured charge,
decreasing from ~2.5 nC for untreated PTFE to ~0.1 nC after
oxygen plasma treatment, as shown in Fig. 2i. This result
underscores the critical role of surface chemical functionality
and wettability in governing the CE process.

Furthermore, the deliberate structuring of the EDL at the
interface is not only central to the fundamental charge transfer
process but can also be harnessed to significantly boost tribo-
electric output. For instance, engineering ion gradients to
create EDL-mediated charge separation has been shown to
dramatically enhance the performance of triboelectric nano-
generators by reducing charge screening.***° This underscores
the practical importance of EDL dynamics in optimizing sys-
tems reliant on triboelectrification.

Overall, this section establishes a quantitative foundation

Communication

interfacial phenomena. The systematic variation across dielec-
trics demonstrates how intrinsic surface properties shape
initial charge separation, which in turn dictates EDL formation,
adsorption of charged species, and the ability of each dielectric
to drive CE-Chemistry under ultrasound or mechanical excita-
tion, as discussed in the following sections.

Ultrasound-driven CE-Chemistry performance with cationic
and anionic dyes

To evaluate CE-Chemistry under realistic water-treatment con-
ditions, we investigated the degradation of two structurally and
electronically distinct dyes, methyl orange (MO, an anionic dye)
and Basic Blue 41 (CB, a cationic dye), under ultrasonic excita-
tion (Fig. 3a). While most CE-Chemistry studies have focused
exclusively on anionic dyes,*"** the inclusion of a cationic
analogue enables direct assessment of how interfacial charge
polarity governs CE-driven reactivity. Under ultrasound irradia-
tion alone, no measurable degradation was observed at 120 W,
while CB underwent approximately 70% degradation at 500 W
(Fig. 3b); radical-scavenger experiments (Fig. S7) confirmed
that this process is mediated by ultrasound-induced ROS rather
than direct cavitation-driven cleavage. To investigate how
dielectric surfaces modulate this behaviour, PTFE and PA-66
(4 mm) were introduced as triboelectric interfaces capable of
initiating CE and enhancing ROS generation.

PTFE, located at the negative extreme of the triboelectric
series, markedly accelerated dye degradation: at 500 W, both
dyes were fully degraded within one hour (Fig. 3c and d),
whereas at 120 W, MO degraded within two hours and CB

for linking triboelectric charge density to downstream remained only partially degraded after four hours (Fig. 3e and
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Fig. 3 (a) lllustration of the experimental setup comprising a power circulator that regulates the power of the reactor and an ultrasonic bath (40 kHz,

120-500 W). (b) Degradation of MO and CB at 120 W and 500 W ultrasonic power. Evolution of the relative absorbance of (c) MO and (d) CB in the
presence of different dielectric materials at 500 W. (e) Evolution of the relative concentration of MO and CB in the presence of PTFE at 120 W. (f)
Adsorption percentage of MO and CB on the surface of different dielectric materials for a period of 4 h under static conditions.
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Table S1). This polarity-dependent behaviour arises from the
fundamentally different interfacial interactions experienced by
each dye. For CB, the electrostatic attraction between the
cationic aromatic chromophore and the negatively charged
PTFE surface might perturb the interfacial EDL, drawing dye
molecules into the vicinity of the Stern layer and thereby
diminishing the accessibility of ROS generated in the aqueous
phase. In contrast, MO, an anionic dye, experiences electro-
static repulsion from PTFE, which suppresses surface adsorp-
tion, preserves interfacial water structure, and enables more
efficient ROS-mediated oxidative decomposition. A more
detailed consideration of CB’s molecular architecture further
rationalizes its suppressed degradation. CB is a monomeric
cationic azo dye comprising two conjugated aromatic rings
linked by an -N—N- bridge: a benzothiazolium ring (bearing
methyl and methoxy substituents) that hosts the formal posi-
tive charge (shown in Fig. S6), and a phenyl ring substituted
with an N-ethyl-2-hydroxyethylamino group. This molecular
framework combines extensive n-conjugation, hydrophobic
aromatic domains capable of n-n or hydrophobic interactions,
and polar heteroatoms (N, O, and S) that serve as hydrogen-
bond acceptors, alongside a single hydrogen-bond donor
(-OH). Such mixed hydrophobic character could enable CB to
engage strongly with hydrophobic polymer surfaces such as
PTFE. The intimate association between the dye’s aromatic
rings and the fluorinated PTFE backbone likely reinforces
adsorption through van der Waals and hydrophobic interac-
tions, effectively sequestering CB at the solid interface. This
adsorption might not only reduce the effective concentration of
freely solvated CB but also decrease the interfacial area acces-
sible for electron exchange between water and PTFE. As a
consequence, the interfacial triboelectric field and ROS flux
could become insufficient to disrupt CB’s conjugated structure,
thereby significantly attenuating its degradation kinetics.
PA-66, despite developing a negative surface charge in water
similar to PTFE, exhibits fundamentally different interfacial
behaviour and entirely suppresses the degradation of both dyes
at all ultrasound intensities. This inhibition might arise from
its strong, nonspecific adsorption capacity, enabled by the
amide and carbonyl functionalities on the PA backbone, which
effectively mask the surface, block CE-induced charge transfer,
and quench ROS formation. Both PA balls and PA films
demonstrated identical suppression (Fig. S9), highlighting that
the effect originates from intrinsic surface chemistry rather
than particle morphology. For CB, a cationic aromatic dye,
electrostatic attraction to the negatively charged PA surface
drives strong adsorption. Unlike PTFE, where adsorption is
confined to the interfacial region, PA exhibits pronounced
internal diffusion. Sectioned PA balls reveal CB penetration to
~2 mm depth, indicating that dye molecules diffuse into the
polymer matrix rather than remaining surface-bound. Our
recent findings show that CE-Chemistry performance is gov-
erned by the nature of the functional groups on the outermost
surface of the dielectric. After fluorinating a silicon surface, its
solid-liquid CE behaviour becomes identical to that of fluori-
nated dielectric materials.>” This bulk uptake also dramatically

This journal is © The Royal Society of Chemistry 2026
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reduces the available interfacial area for CE-mediated electron
exchange, resulting in near-complete loss of ROS production
and suppression of CB degradation, which otherwise reaches
~70% in the absence of PA. Thus, internal diffusion within PA,
not merely surface adsorption, is a dominant factor inhibiting
CE-Chemistry. MO, though anionic, exhibits a similarly strong
adsorption on PA despite the absence of n-r interactions, as PA
is not an aromatic polymer. Instead, MO binds through hydro-
gen bonding and electrostatic interactions facilitated by het-
eroatoms in its structure and its pK, of 3.4, which allows partial
ionization under neutral conditions.****** The dimethyl-
substituted nitrogen and the sulfonate-bearing sulfur atom
serve as active binding sites (Fig. S5). Ultrasound irradiation
further enhances dye uptake by promoting diffusion and
transient pore opening, driving PA into an adsorption-
dominated regime that suppresses ROS formation for MO as
well.*® Taken together, these results reveal that ultrasound-
activated CE-Chemistry is governed by a coupled interplay
between dielectric charge polarity, hydrophobicity, dye-surface
adsorption, and interfacial dynamics. While PTFE’s hydropho-
bic surface primarily modulates CE efficiency through inter-
facial adsorption and EDL restructuring, PA exerts a more
profound inhibitory effect by removing dye molecules from
the reactive zone through both surface binding and bulk
absorption. These findings highlight that surface physicochem-
ical properties, not only triboelectric polarity, serve as decisive
determinants of CE-Chemistry efficiency in aqueous systems,
and that rational tuning of dielectric surface chemistry is
essential for optimizing triboelectric catalytic performance.

To further elucidate the role of adsorption as an inhibiting
factor in CB degradation, PA spheres previously exposed to CB
and methyl orange solutions were removed and immersed in
fresh deionized (DI) water. After standing overnight, the DI
water developed a faint blue coloration, indicating desorption
of CB from the PA surface into the surrounding medium. The
recovered solution was analyzed using UV-vis spectroscopy, and
the absorption profile was found to be consistent with that of
pristine CB, confirming that no structural or chemical trans-
formation had occurred during adsorption (Fig. S12). A similar
desorption behavior and spectral response were observed for
methyl orange.

These findings indicate that the reduced degradation effi-
ciency in the presence of PA-66 might be primarily governed by
strong dye adsorption onto the polymer surface. The formation
of an adsorbed dye layer likely occupies and shields active
interfacial sites, thereby impeding effective charge transfer and
suppressing the electron exchange processes required for effi-
cient degradation. As CE-Chemistry is fundamentally an inter-
facial phenomenon, its performance is governed by the
triboelectric characteristics of the outermost surface molecular
structure; surface coverage by adsorbates can therefore directly
weaken charge generation and diminish the interfacial driving
force for reaction.”?

To assess the operational stability and reusability of the
PTFE balls under sustained catalytic cycles, we examined the
balls after 5 consecutive reaction cycles (each cycle consisting of

Nanoscale Horiz., 2026, 11, 1426-1434 | 1431
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four hours) (Fig. S13). No visible signs of surface degradation,
physical wear, or fouling were observed by optical microscopy,
except for the adsorbed dye molecules on the PTFE surface. The
images before and after five consecutive cycles are included in
Fig. S14.

Ball-milling activation of CE-chemistry

Ball milling was explored as an alternative mechano-activation
platform® for CE-Chemistry, offering a cavitation-free environ-
ment distinct from ultrasound systems, where bubble collapse
generates extreme local temperatures and pressures. Fig. 4a
shows a schematic of the liquid-assisted ball-milling process,
highlighting the repeated impacts between the milling balls
and the PTFE vial that generate triboelectric charge and facil-
itate interfacial reactions. The calculated collision frequencies,
kinetic energies, and collision powers for the Retsch PM 100
system (Fig. S15 and Table S4) show that, at identical rotation
speeds, PTFE balls deliver the highest impact energies owing to
their greater mass and high Young’s modulus (Tables S2 and
S3), thereby generating more forceful triboelectric interactions
than PTFE or PA.

In CE-Chemistry experiments, 50 mL of a 5 ppm MO or CB
solution was milled with 1200 balls composed of PTFE and PA
at 360 rpm for 4 h using intermittent milling cycles (7 min
milling/3 min rest) to minimize temperature rise. The subse-
quent UV-vis spectra showed the evolution of MO concentration
in the presence of different dielectrics: PTFE balls (Fig. 4b)
induce rapid spectral decay indicative of efficient degradation
via triboelectric charge. PA (Fig. 4c) causes substantial spectral
attenuation arising primarily from adsorption rather than

()
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oxidative breakdown. PA-66 exhibited pronounced dye-surface
interactions, as evidenced by the substantial attenuation of MO
and CB absorbance signals shown in Fig. 4c and Fig. S19. The
decreases of 30% and 70%, respectively, arise from strong
electrostatic binding between the dye molecules and the amide
functionalities on PA, as discussed in section “Ultrasound-
driven CE-Chemistry performance with cationic and anionic
dyes”. Given the large accessible surface area of the 1200
milling balls (~ 60319 mm?; Fig. $17, $18 and 20), adsorption
is extensive, resulting in the formation of a thick layer of
adsorbed dye at the surface that might suppress charge transfer
and inhibit ROS generation. This behavior mirrors that
observed under ultrasound excitation, where PA likewise sup-
pressed CE-Chemistry through strong, nonspecific adsorption.

A consolidated comparison of MO absorbance across all
dielectrics (Fig. 4d) highlights the strong dependence of dye
depletion on surface chemistry and polarity, distinguishing
ROS-mediated degradation (PTFE) from adsorption-driven
attenuation (PA). Degradation profiles for MO and CB in the
presence of PTFE balls (Fig. 4e) show rapid degradation of MO
but significantly slower degradation of CB, attributable to
preferential adsorption of the cationic dye onto PTFE surfaces
(Fig. S16 and S17). This adsorption reduces the concentration
of free dye and promotes the formation of an interfacial EDL
that restricts electron transfer from water to the PTFE surface,
consistent with the degradation rates listed in Table S5.

The significantly higher process efficiency of ultrasonication
compared with liquid-assisted ball milling (Fig. 4f) can be
attributed, in part, to the direct generation of triboelectric
charges and the formation of physical liquid jets under
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ultrasonic irradiation, a principle similarly exploited in
ultrasound-driven triboelectric energy harvesters.*’

Conclusion

This work establishes a previously unrecognised mechanistic
insight into triboelectricity-driven chemistry by revealing how
triboelectric polarity and electrolyte charge jointly govern inter-
facial electron transfer, EDL formation, and ROS generation at
solid-liquid interfaces. By systematically pairing dielectrics
positioned at opposite ends of the triboelectric series with
cationic and anionic dyes, we demonstrate that strong adsorp-
tion governs EDLs, which suppress CE-driven reactivity and, in
some cases, can even inhibit the production of ROS. Through
complementary mechano-activation pathways, including ultra-
sound- and liquid-assisted ball milling, we further show that
the efficiency, selectivity, and even the reaction mechanism
depend sensitively on the interplay between surface polarity,
interfacial structure, and dye adsorption energetics. These
findings reveal a unifying principle: CE-Chemistry is funda-
mentally polarity-regulated. By establishing how triboelectric
charge density and EDL configuration dictate reaction kinetics
across disparate mechanical excitation modes, this study pro-
vides the first generalized design rules for engineering tribo-
electric interfaces for chemical transformations. More broadly,
the mechanistic insights presented here open new opportu-
nities for rational control of triboelectricity-driven catalysis,
pollutant remediation, interfacial redox processes, and
mechano-chemical energy conversion, thereby advancing CE-
Chemistry toward a predictive and tunable reaction paradigm.
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