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A B S T R A C T

Molecular self-assembly is a central bottom-up route for constructing functional interfaces, yet most strategies 
rely on predefined surface chemistries, stringent environmental control, or externally applied fields, which limit 
robustness and scalability. Here we demonstrate that triboelectric-induced polarization can act as a mechanically 
generated, bias-free interfacial electric field to direct molecular organization in solution. Triboelectric-induced 
polarization on a fluorinated ethylene propylene (FEP) platform produces a stable and directional polarization 
field that drives the sequential adsorption and layer-by-layer (LbL) assembly of oppositely charged poly
electrolytes, enabling the formation of a well-defined polyethyleneimine (PEI)/alginate (ALG) multilayer without 
surface functionalization or external voltage. Systematic electrical, wetting, spectroscopic, and microscopic 
characterizations collectively confirm the field-enabled assembly mechanism and elucidate the resulting inter
facial architecture and chemical composition. Beyond mechanistic validation, the as-formed PEI/ALG interface 
demonstrates rapid underwater oil detachment, highlighting its functional relevance for self-cleaning surfaces. 
Together, these results identify triboelectric-induced polarization as a programmable physical parameter for 
directing interfacial molecular assembly, providing an energy-autonomous route to adaptive and functional 
coatings operable under minimal environmental constraints.

1. Introduction

Molecular self-assembly underpins a broad range of functional ma
terials and interfaces [1–3], enabling bottom-up construction across 
molecular [4,5], nanoscale [6,7], and mesoscale regimes [8,9]. By 
harnessing noncovalent interactions [10], including electrostatic forces 
[11–13], hydrogen bonding [14–16], van der Waals interactions [17, 
18], and coordination chemistry [19,20], self-assembly has facilitated 
advances in membranes [21], coatings [22], photonic structures [23], 
and adaptive surfaces [24]. Despite notable advances, most 
self-assembly strategies remain fundamentally constrained by their 
dependence on predefined chemical functionalities [25,26], externally 
applied fields [27,28], or highly controlled and geometry-limited envi
ronments [29,30]. Chemically driven approaches often suffer from 
limited adaptability and scalability, reduced environmental tolerance, 
and increased fabrication complexity, while also posing risks of 

contamination and irreversible surface modification. Electric fields 
provide a powerful alternative by reshaping interfacial free-energy 
landscapes and directing the organization of charged or polar building 
blocks. Accordingly, electric control has been widely employed in 
layer-by-layer (LbL) assembly [31], electrochemical deposition [32], 
and field-assisted adsorption processes [33]. However, these methods 
typically rely on continuous external power sources, rigid electrode 
configurations, or conductive substrates, which restrict practical 
deployment and, critically, decouple mechanical interactions from mo
lecular organization. A key unresolved challenge therefore lies in 
generating spatially structured and directional interfacial electric fields 
in a power-free, materials-agnostic manner, while maintaining sufficient 
field strength to actively regulate molecular assembly.

Contact electrification (CE) provides a compelling yet underexplored 
solution to this challenge [34–37]. When two materials come into con
tact and separate, charge transfer occurs at the interface, giving rise to 

* Corresponding author at: Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing, PR China.
E-mail address: weidi@binn.cas.cn (D. Wei). 

1 These authors contributed equally to this work

Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen

https://doi.org/10.1016/j.nanoen.2026.111991
Received 12 March 2026; Received in revised form 14 April 2026; Accepted 24 April 2026  

Nano Energy 154 (2026) 111991 

Available online 25 April 2026 
2211-2855/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0003-2670-6362
https://orcid.org/0000-0003-2670-6362
mailto:weidi@binn.cas.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2026.111991
https://doi.org/10.1016/j.nanoen.2026.111991
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2026.111991&domain=pdf


long-lived surface charges and an accompanying electrostatic field [38, 
39]. Traditionally regarded as an incidental or parasitic phenomenon, 
CE has recently been re-envisioned as a robust physical mechanism for 
mechanically generating interfacial electric fields with strengths com
parable to those produced by externally applied electrical biases [40, 
41]. This concept underpins the operation of triboelectric nano
generators (TENGs), where interfacial charge transfer is harnessed to 
convert mechanical energy into electrical output, further highlighting 
the capability of CE to establish and sustain functional electrostatic 
fields at interfaces [42,43]. Beyond energy harvesting, recent studies 
have extended this principle to CE-enabled interfacial processes, such as 
CE-induced catalysis, where mechanically generated charges actively 
modulate interfacial reactions and charge-transfer dynamics [44,45]. 
These advances highlight the broader potential of triboelectricity as a 
versatile means of interfacial charge and polarization regulation. 
Crucially, the resulting triboelectric-induced polarization field is 
inherently non-contact, electrode-free, and self-sustained, emerging 
directly from mechanical interactions at the interface rather than from 
external power sources. This intrinsic coupling between mechanical 
motion and electrostatic field generation distinguishes CE from con
ventional electrostatic approaches and enables programmable interfa
cial fields under minimal material and environmental constraints. 
Beyond static charge accumulation, such fields have been shown to 
modulate electrical double layers (EDLs) [46–48], gate ionic transport, 
and couple mechanical stimuli to charge redistribution and the flow of 
energy and information [49,50], providing a unique means of regulating 
interfacial processes in a fully passive manner [51,52]. 
Triboelectric-induced polarization provides a versatile platform for 
dynamically regulating ion distributions within nanoconfined EDLs [53, 
54]. By directly coupling mechanical and fluidic stimuli to interfacial 
charge redistribution, this mechanism enables efficient energy conver
sion through enhanced ionic-electronic interactions [55–57], while 
simultaneously supporting a broad spectrum of information-processing 
functions, including signal detection and storage [56,58,59], logic op
erations [60], synapse-like behavior [61], and underwater wireless 
communication [62]. Despite these advances, the potential of 
triboelectric-induced polarization to actively regulate molecular 
self-assembly has remained largely unexplored. Existing electrostatic 
assembly strategies predominantly rely on externally imposed electric 
fields or predefined surface chemistries to dictate molecular pairing and 
ordering. In contrast, mechanically generated polarization fields exhibit 
fundamentally distinct attributes, including intrinsic spatial nonunifor
mity, directionality determined by interfacial charge asymmetry, and 
dynamic tunability governed by mechanical stimuli. These characteris
tics suggest that triboelectric-induced polarization can reshape local 
ionic distributions remotely, modulate charge-compensation environ
ments, and establish long-range electrostatic gradients capable of 
directing molecular organization without chemical functionalization or 
external bias. Harnessing such fields for self-assembly thus represents 
not merely an alternative driving force, but a paradigm shift in which 
mechanical interactions are directly transduced into chemical order.

Here, a molecular self-assembly strategy driven by triboelectric- 
induced polarization was demonstrated, in which mechanically gener
ated interfacial electric fields guide molecular adsorption and LbL as
sembly of oppositely charged polyelectrolytes in a power-free manner. 
Using polyethyleneimine (PEI) and alginate (ALG) as representative 
polycationic and polyanionic building blocks, respectively, it is 
demonstrated that triboelectric-induced polarization can drive their 
sequential organization into stable multilayer architectures on FEP/Au 
substrates, without the need for surface functionalization or externally 
applied voltages. Through integrated surface potential measurements, 
spectroscopic analyses, and microscopic characterizations, a direct 
mechanistic correlation between triboelectric-induced polarization and 
interfacial molecular organization is established. Collectively, these re
sults identify triboelectric-induced polarization as a programmable 
physical variable for molecular assembly, providing a generalizable 

strategy for constructing adaptive interfaces, autonomous materials, and 
mechanically coupled energy-matter-information systems remotely.

2. Results and discussion

2.1. Molecular self-assembly driven by electric fields from triboelectric- 
induced polarization

CE originates from interfacial charge transfer that occurs when two 
materials come into intimate contact and subsequently separate. At the 
microscopic level, this process can be rationalized by the electron cloud- 
potential well model, in which atoms or molecules are regarded as po
tential wells confining delocalized valence electrons. As two solids 
approach each other, the interfacial separation decreases, and their 
electron clouds begin to overlap, distorting the initially symmetric po
tential wells into an asymmetric double-well configuration (Fig. S1). 
Differences in electronic structure, such as work function mismatch, 
render one side energetically favorable for electron occupation, 
enabling electrons to tunnel across the interfacial barrier. This interfa
cial electron transfer establishes opposite charges on the contacting 
surfaces, giving rise to persistent surface polarization after separation.

Building on this mechanism, we designed a triboelectric-induced 
polarization interface capable of generating a stable, directional elec
tric field to drive molecular self-assembly. As illustrated in Fig. 1A, a thin 
Au layer was deposited on one side of a fluorinated ethylene propylene 
(FEP) film, while the opposite side was subjected to triboelectric inter
action with fur material. Upon repeated contact and sliding, triboelectric 
charge transfer led to the accumulation of negative charges on the FEP 
surface and corresponding positive charges on the fur. The conductive 
Au layer functions as an electrostatic boundary that facilitates charge 
redistribution and enables reliable characterization of the polarization 
field [63], while the molecular assembly is governed by the dielectric 
substrate and does not rely on specific chemical interactions with Au. 
The spatial separation of triboelectric charges establishes a polarization 
field across the FEP/Au structure, oriented toward the negatively 
charged FEP surface (Fig. 1A I-III). This interfacial field serves as the 
driving force for subsequent ion redistribution and molecular adsorption 
near the interface, thereby enabling field-directed self-assembly. 
Importantly, this electric field is generated mechanically, without 
external bias or electrodes, and persists long enough to interact with 
species in the surrounding environment. When the triboelectric-induced 
polarization FEP/Au was immersed in an aqueous solution containing 
positively charged molecules, the polarization field acted as a 
long-range driving force that guided cationic species toward the inter
face. Under the influence of this field, positively charged molecules 
migrated directionally and adsorbed onto the FEP/Au surface, forming a 
stable positively charged molecular layer (Fig. 1A IV). Subsequent im
mersion of this modified surface into a solution containing negatively 
charged molecules resulted in electrostatically driven adsorption of 
anionic species onto the preassembled cationic layer, yielding a nega
tively charged overlayer (Fig. 1A V). Through this mechanism, 
triboelectric-induced polarization converts mechanical stimulation into 
an effective interfacial electric field that directs sequential molecular 
organization, enabling self-assembly without surface functionalization 
or externally applied electric fields.

Experimentally, this process was implemented through a simple 
sequential dipping protocol (Fig. 1B). The FEP/Au film was first 
triboelectric-induced polarization by triboelectric with fur, then 
immersed in a solution containing the first molecular building block for 
2 min to allow field-driven adsorption. After rinsing with deionized 
water to remove weakly bound species, the sample was immersed in a 
second molecular solution for an additional 2 min, followed by rinsing 
and drying. Repetition of this process enabled LbL interfacial molecular 
assembly driven entirely by triboelectric-induced polarization, without 
additives, chemical modification, or external power input. To demon
strate this concept, PEI and ALG were selected as representative 
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polycationic and polyanionic building blocks, respectively (Fig. 1C). PEI 
contains a high density of amine groups that readily protonate in 
aqueous environments, generating positively charged -NH₃⁺ species and 
imparting strong cationic character (Fig. S2). In contrast, ALG is a linear 
polysaccharide bearing carboxyl groups that deprotonate to form 
negatively charged -COO- groups under neutral conditions, resulting in 
pronounced anionic behavior. The complementary charge characteris
tics of PEI and ALG make them an ideal model system for probing 
triboelectric-induced polarization-directed molecular assembly. Impor
tantly, in this system, the sequential organization of PEI and ALG is not 
dictated by predefined surface chemistry, but rather by the mechanically 
generated interfacial electric field, highlighting triboelectric-induced 
polarization as an active physical variable for directing molecular self- 
assembly.

2.2. Triboelectric-induced polarization-directed self-assembly of PEI

To quantify whether triboelectric-induced polarization generates an 
interfacial electric field that is sufficiently strong and stable to drive 
adsorption, we first measured the surface potential of the Au layer in the 
FEP/Au structure after triboelectric with fur. As shown in Fig. 2A, the Au 
surface potential became increasingly negative with increasing tribo
electric duration, indicating progressive accumulation of triboelectric 
charges and strengthening of the polarization field. The potential 
approached a steady value after ~60 s of triboelectric, suggesting that 
the triboelectric charging process reached a quasi-saturation regime 
under the applied mechanical conditions. To evaluate the repeatability 
and durability of the triboelectric-induced polarization field, multiple 
independent triboelectrification cycles were performed under identical 
conditions, yielding highly consistent surface potentials (Fig. S3), which 
demonstrates reliable generation of the polarization field. Time- 
dependent measurements further show that, although the surface po
tential gradually decreases due to charge dissipation, a substantial re
sidual potential is maintained over extended durations (Fig. S4). 
Importantly, within the time scale relevant to molecular self-assembly, 
the interfacial electric field remains sufficiently strong to drive 

molecular redistribution and adsorption, indicating functional stability 
of the polarization field during the assembly process. The progressive 
increase in surface potential reflects the continuous accumulation of 
triboelectric charges and the associated rise in surface charge density, 
which collectively strengthen the interfacial polarization field (Fig. S5). 
The enhanced field, in turn, facilitates ion migration and molecular 
adsorption at the solid-liquid interface, thereby improving the efficiency 
of self-assembly. For aqueous conditions, the surface potential evolution 
after immersion was also examined (Fig. S6). Although a faster decay is 
observed due to interfacial screening, a substantial residual potential is 
preserved, indicating that the interfacial field remains effective within 
the assembly time scale even in aqueous environments. Although elec
trostatic screening occurs in aqueous environments, the localized 
interfacial field remains sufficiently strong within the nanometer-scale 
region near the interface to govern ion redistribution and molecular 
adsorption. Based on the measured surface potential and the estimated 
surface charge density, the interfacial electric field can be reasonably 
expected to reach the order of 108-1010 V/m [42,64,65], consistent with 
reported values for contact electrification at solid-liquid interfaces. This 
field strength is sufficient to drive directional ion migration and mo
lecular adsorption before complete screening occurs, thereby enabling 
the observed assembly process. Additional experiments using a posi
tively triboelectric material (nylon) further confirm that the polarity of 
the triboelectrically induced polarization field can be reversibly pro
grammed through material selection. However, efficient molecular as
sembly is found to depend strongly on the field strength, indicating that 
both the polarity and magnitude of the polarization field jointly govern 
interfacial adsorption and self-assembly. To corroborate the experi
mental potential distribution and to visualize the corresponding field 
geometry, we performed numerical simulations using COMSOL. The 
simulated surface potential after triboelectric agreed well with the 
measured values (Fig. 2B), and the computed electric-field distribution 
revealed a directional field pointing toward the FEP/Au surface 
(Fig. 2C), fully consistent with the proposed triboelectric-induced po
larization mechanism. Together, these results establish that 
triboelectric-induced polarization produces a stable and spatially 

Fig. 1. Triboelectric-induced polarization molecular self-assembly. (A) Triboelectric-induced polarization generates an interfacial electric field at the FEP/Au 
interface, enabling adsorption of charged molecules through electrostatic interactions. (B) Alternating exposure of the polarized interface to oppositely charged 
molecular solutions realizes a stepwise LbL self-assembly process without external electrical bias. (C) PEI and ALG with complementary charge characteristics enable 
sequential assembly driven by triboelectric-induced polarization.
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directed interfacial electric field capable of exerting long-range elec
trostatic forces on charged molecular species in solution. Because 
field-directed assembly depends not only on the field strength but also 
on the charge state of the building blocks, we next optimized the solu
tion condition for PEI adsorption by tuning the degree of protonation of 
its amine groups. PEI contained abundant amine groups, whose degree 
of protonation varied significantly under different pH conditions. 
Adjusting the pH of the PEI solution was therefore critical for its 
self-assembly behavior. At low pH, most amine groups were protonated, 
generating more -NH₃⁺ positive charges, which enhanced the poly
cationic character of the molecules and facilitated electrostatic adsorp
tion onto negatively charged molecules or surfaces. However, when the 
pH was too low, excessive protonation led to strong intermolecular 
electrostatic repulsion, potentially causing aggregation or destabiliza
tion of the PEI layer. At high pH, partial deprotonation reduced the 
molecular charge density and weakened electrostatic adsorption. As 
shown in Fig. 2D, the zeta potential of PEI reached its maximum at pH 5, 
indicating the highest effective cationic character under our conditions 
and thus the most favorable electrostatic response to the triboelectric 
polarization field. Consistently, contact-angle measurements showed 

that PEI prepared at pH 5 yielded the lowest contact angle (Fig. 2E), 
suggesting improved wettability and stronger interfacial interactions. 
This reduced contact angle further promoted uniform adsorption of PEI 
onto the surface, thereby enhancing the efficiency and stability of the 
self-assembled layer.

Under these optimized conditions, PEI adsorption on triboelectric- 
induced polarization FEP/Au can be understood as a competition be
tween long-range electrostatic attractions and short-range interfacial 
interactions (Fig. 2F). Charged molecules approaching the polarized 
surface were subjected to long-range Coulomb forces generated by the 
surface electric field, which guided their migration and adsorption. In 
addition, short-range van der Waals interactions contributed to the 
stabilization and dense packing of the adsorbed molecular layer. The 
combined effect of these forces controlled both the assembly kinetics 
and the structural uniformity of the self-assembled layer, highlighting 
the critical role of the balance between Coulomb and van der Waals 
interactions in triboelectric-induced polarization molecular self- 
assembly. Therefore, the assembly process can be understood as a 
field-initiated and interaction-stabilized mechanism, in which the 
triboelectric-induced polarization field governs the initiation and 

Fig. 2. Triboelectric-induced polarization and its role in directing molecular self-assembly. (A) Surface potential of Au measured after triboelectric between fur and 
FEP/Au for different durations. (B) Simulated surface potential distribution at the FEP/Au interface. (C) Simulated electric field distribution around the FEP/Au 
structure. (D) Zeta potential of PEI solutions versus pH. (E) Contact angle of PEI at different pH values. (F) Schematic illustration of forces governing triboelectric- 
induced polarization-driven molecular self-assembly. (G) Surface resistance of FEP/Au under different treatments. (H) Raman spectroscopic characterization of FEP/ 
Au under different treatments. (I) FTIR spectroscopy characterization of FEP/Au under different treatments.
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directionality of adsorption, while intermolecular interactions 
contribute to structural stabilization. The schematic illustration in 
Fig. 2F provides a qualitative summary of these interactions, as sup
ported by the experimental results described above. A set of controls was 
then performed to directly demonstrate that PEI assembly requires 
triboelectric-induced polarization rather than simple immersion. The 
sheet resistance of the Au surface was measured using a four-probe 
method for pristine FEP/Au, for samples immersed in PEI and dried 
without polarization (FEP/Au-PEI), and for samples subjected to 
triboelectric-induced polarization prior to PEI immersion (Tribo FEP/ 
Au-PEI) (Fig. 2G). The resistance of FEP/Au-PEI remained essentially 
unchanged compared with pristine FEP/Au, indicating that passive 
immersion does not produce a continuous PEI layer on Au. In contrast, 
Tribo FEP/Au-PEI exhibited a pronounced decrease in surface resis
tance, consistent with the formation of a more continuous interfacial 
coating after triboelectric-induced polarization assisted adsorption. In 
line with the hydrophilic nature of PEI, Tribo FEP/Au-PEI also showed a 
reduced contact angle relative to the non-triboelectric-induced polari
zation control (Fig. S7), further supporting successful interfacial modi
fication. Finally, spectroscopic analyses provided chemical fingerprints 
of the assembled PEI layer. Raman spectra revealed FEP/Au and the 
FEP/Au-PEI exhibited no characteristic Raman peaks, indicating that no 
detectable PEI adsorption occurred on the Au surface under these con
ditions. In contrast, the Tribo FEP/Au-PEI sample showed distinct C-N 
and N-H Raman peaks after PEI immersion, which are consistent with 
the characteristic Raman fingerprints of PEI, Figs. 2 H and S8. FTIR 
measurements exhibited the same trend, with distinct PEI-associated 
absorption bands (notably N-H and C-N related features) appearing 
only after triboelectric-induced polarization assisted assembly while no 
such features were observed in the FEP/Au or FEP/Au-PEI samples 
(Figs. 2I and S9). These complementary electrical, wetting, and spec
troscopic results collectively demonstrate that triboelectric-induced 
polarization generates a stable and directional interfacial field that is 
necessary to drive PEI adsorption and to form a chemically identifiable 
PEI layer on the FEP/Au surface. To further evaluate the material gen
erality of the triboelectric-induced polarization strategy, we systemati
cally investigated alternative triboelectric material pairings by varying 
both the dielectric substrate and the counter triboelectric material. 
When FEP was replaced with PTFE, a reduced surface potential was 
observed (Fig. S10), consistent with its weaker triboelectric perfor
mance. Correspondingly, Raman and FTIR results (Figs. S11 and S12) 
indicate a diminished PEI adsorption compared to the FEP-based system. 
Similarly, replacing fur with nylon as the counter triboelectric material 
resulted in a lower surface potential (Fig. S13) and weaker molecular 
assembly (Figs. S14 and S15). Despite these variations, molecular self- 
assembly was consistently observed across all tested material systems, 
indicating that the occurrence of assembly is not restricted to specific 
material combinations. Instead, the results reveal that the efficiency and 
extent of molecular assembly correlate with the strength of the 
triboelectric-induced polarization field. These findings suggest that 
triboelectric-induced polarization serves as a generalizable physical 
driving mechanism for molecular assembly, where the polarization field 
strength, rather than the specific material identity, acts as the key con
trolling parameter. To evaluate the role of ionic strength in the assembly 
process, NaCl was introduced at concentrations of 0.1 M and 1 M. 
Raman (Fig. S16) and FTIR (Fig. S17) spectra confirm that molecular 
assembly still occurs under these conditions, although the signal in
tensity is significantly reduced compared to the salt-free system. This 
reduction can be attributed to electrostatic screening in electrolyte so
lutions, where increasing ionic strength compresses the electrical double 
layer and shortens the effective range of the polarization field. Conse
quently, the ability of the field to drive ion redistribution from the bulk 
is diminished, leading to decreased assembly efficiency. Nevertheless, 
the persistence of assembly indicates that a strong localized interfacial 
field remains operative.

Having established that triboelectric-induced polarization is 

necessary to drive PEI adsorption, we next examined the structural 
morphology, spatial continuity, and chemical identity of the assembled 
PEI layer to elucidate its interfacial organization. Atomic force micro
scopy (AFM) was first employed to probe the surface topography of the 
Tribo FEP/Au-PEI sample at the nanoscale. As shown in Fig. 3A, the AFM 
height images reveal pronounced surface features compared with the 
relatively smooth FEP/Au substrate, indicating the formation of an 
adsorbed polymer layer. Brighter regions correspond to areas of 
increased thickness associated with PEI accumulation, while darker re
gions reflect thinner coverage or exposed substrate. To quantitatively 
analyze the thickness variation of the assembled layer, three-line pro
files were extracted from the AFM topography, and the measurements 
were averaged. The analysis revealed that the height difference between 
the thicker and thinner regions of the self-assembled PEI layer was 
approximately 8.83 nm, indicating the formation of a multilayered PEI 
assembly on the FEP/Au surface rather than a sparse monolayer. This 
nanoscale thickness modulation suggests that triboelectric-induced po
larization promotes not only initial molecular adsorption but also ver
tical buildup of PEI under electrostatic guidance. Complementary 
scanning electron microscopy (SEM) was used to investigate the surface 
morphology and microstructural features of the triboelectric-induced 
polarization assembled PEI layer. As shown in Fig. 3B, the Tribo FEP/ 
Au-PEI surface exhibits a markedly different texture from bare FEP/ 
Au, displaying heterogeneous contrast and clustered domains charac
teristic of polymer coverage. The surface exhibited clustered bright 
domains, which are indicative of localized PEI accumulation driven by 
triboelectric-induced polarization. These morphological features 
corroborate the structure observed in the AFM analysis. To verify the 
chemical composition of the assembled layer and to confirm the pres
ence of PEI on the substrate, energy-dispersive X-ray spectroscopy (EDX) 
mapping was conducted in conjunction with SEM imaging. Since PEI is 
rich in carbon (C) and nitrogen (N) elements, elemental mapping 
focused on the spatial distribution of these two signatures. The EDX 
results revealed a clear co-localization of C and N signals with the bright 
regions observed in the SEM images. The uniform distribution of C and N 
across the analyzed area further validated that the surface was covered 
by an assembled PEI layer rather than contamination or substrate- 
related artifacts. The combined SEM and EDX analyses therefore pro
vide strong evidence supporting the successful assembly of PEI on the 
FEP/Au surface.

To further resolve the chemical composition and bonding environ
ment of the assembled layer, X-ray photoelectron spectroscopy (XPS) 
was conducted on FEP/Au-PEI (immersion only) and Tribo FEP/Au-PEI 
samples. As shown in Fig. 3C, the C 1 s spectrum of the immersion-only 
control FEP/Au-PEI displayed the characteristic C-C and C-F bonding 
signals originating from the FEP substrate and background carbon. In 
contrast, the Tribo FEP/Au-PEI sample exhibited an additional C-N 
peak, which is a signature bonding feature of PEI, confirming its pres
ence on the surface. A minor C-O component was also observed, which 
may be attributed to slight oxidative modification of PEI. The N 1 s 
spectra (Fig. 3D) further supports this conclusion. In the FEP/Au-PEI 
sample, only a negligible N-H signal was detected, likely arising from 
trace contamination. However, the Tribo FEP/Au-PEI sample clearly 
exhibited multiple nitrogen-related peaks corresponding to N-H and 
-NH₂ groups, both of which are characteristic of PEI. The emergence and 
intensity of these nitrogen-related features unambiguously verify the 
chemical identity of the assembled layer. In the O 1 s spectra (Fig. 3E), 
both samples show weak signals primarily associated with adsorbed 
water, indicating that oxygen-containing species play a minimal role in 
the interfacial chemistry of the PEI layer. Taken together, AFM reveals 
the nanoscale thickness and multilayer nature of the PEI coating, SEM/ 
EDX confirms its lateral continuity and elemental composition, and XPS 
further verified the emergence of characteristic C-N, N-H, and -NH₂ 
bonding signals exclusive to PEI. These complementary characteriza
tions collectively demonstrate that triboelectric-induced polarization 
drives the formation of a continuous, chemically distinct PEI layer on the 
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FEP/Au surface. Importantly, the assembled structure is not the result of 
nonspecific adsorption but arises from field-directed molecular organi
zation enabled by mechanically generated interfacial polarization.

2.3. Triboelectric-induced polarization-enabled PEI/ALG LbL assembly 
and underwater self-cleaning

With the establishment of a well-defined PEI layer assembled 
through triboelectric-induced polarization, the FEP/Au surface becomes 
positively charged and chemically activated, providing a suitable plat
form for subsequent LbL molecular assembly. We therefore proceeded to 
construct a second layer by depositing ALG onto Tribo FEP/Au-PEI, 
aiming to form a hierarchical PEI/ALG multilayer architecture. 
Because the adsorption of ALG is governed by its ionization state, we 
first evaluated the solution charge characteristics of ALG by zeta- 
potential measurements as a function of pH (Fig. S18). At low pH, 
carboxyl groups remain largely protonated (-COOH), reducing the net 
negative charge and promoting polymer aggregation/precipitation; 
upon increasing pH, progressive deprotonation to -COO- enhances the 
anionic character of ALG. At higher pH values, the zeta potential slightly 
decreased, which may have been attributed to changes in ionic strength 
partially shielding surface charges. In our system, ALG exhibited the 
highest magnitude of negative zeta potential at pH 7, indicating an 
optimal charge state for electrostatic coupling with the PEI-coated sur
face. Accordingly, Tribo FEP/Au-PEI samples were immersed in ALG 

solution at pH 7, followed by rinsing and drying to yield Tribo FEP/Au- 
PEI-ALG. Multiple complementary measurements confirm successful 
ALG deposition and the formation of a stable PEI/ALG multilayer. First, 
compared with the original FEP/Au substrate, the Tribo FEP/Au-PEI- 
ALG surface exhibits a markedly reduced water contact angle, indi
cating successful assembly of a hydrophilic ALG polysaccharide over
layer on the Tribo FEP/Au-PEI surface (Fig. S19). Subsequently, Raman 
spectroscopy was performed to further confirm the presence of ALG. 
Characteristic Raman peaks corresponding to the C-O-C and the C––O, 
which are typical of alginate, were clearly detected on the Tribo FEP/ 
Au-PEI-ALG sample (Fig. S20). Following the Raman analysis, FTIR 
measurements were conducted, and the spectra similarly revealed ab
sorptions associated with C-O-C and C––O groups (Fig. S21). These 
consistent spectroscopic results verified the existence of ALG on the 
Tribo FEP/Au-PEI surface and provided a solid basis for subsequent 
functional characterization. To further clarify the underlying mecha
nism and distinguish the role of the polarization field from intrinsic 
intermolecular interactions, it is important to note that the assembly 
process in the PEI/ALG system may involve multiple noncovalent in
teractions, including electrostatic attraction and hydrogen bonding. As 
shown in Fig. 2G-I, when the FEP/Au substrate is directly immersed in 
PEI solution without triboelectric-induced polarization, no detectable 
PEI adsorption is observed, as evidenced by the unchanged surface 
resistance and the absence of characteristic Raman and FTIR signals. In 
contrast, after the introduction of triboelectric-induced polarization, a 

Fig. 3. Characterizations reveal interfacial organization of triboelectric-induced polarization-driven FEP/Au-PEI. (A) AFM height images and line profiles show 
height variations indicative of PEI self-assembly on Tribo FEP/Au-PEI. (B) SEM morphology images and EDX elemental maps of Tribo FEP/Au-PEI. (C) XPS C 1 s 
spectra of FEP/Au-PEI and Tribo FEP/Au-PEI. (D) XPS N 1 s spectra of FEP/Au-PEI and Tribo FEP/Au-PEI. (E) XPS O 1 s spectra of FEP/Au-PEI and Tribo FEP/ 
Au-PEI.

Y. Wei et al.                                                                                                                                                                                                                                     Nano Energy 154 (2026) 111991 

6 



well-defined PEI layer is formed on the substrate. These results indicate 
that intrinsic interactions alone-including hydrogen bonding and weak 
electrostatic adsorption are insufficient to initiate molecular assembly 
on the unmodified surface. Instead, the triboelectric-induced polariza
tion-generated interfacial electric field plays a decisive role in triggering 
the initial adsorption process. For the subsequent LbL assembly of ALG 
onto the PEI-coated surface, both electrostatic interactions and 
hydrogen bonding are expected to coexist and contribute to the stabi
lization of the multilayer structure. However, the initiation, spatial 
localization, and directionality of the assembly are governed by the 
triboelectric-induced polarization field, which establishes the initial 
charged template and drives the sequential adsorption process. There
fore, while intrinsic intermolecular interactions contribute to structural 
stabilization, the triboelectric-induced polarization field serves as the 
primary driving force that initiates and directs the assembly process.

To resolve the interfacial chemical composition and to verify the 
coexistence of PEI and ALG within the multilayer, we performed X-ray 
photoelectron spectroscopy (XPS). As shown in Fig. 4A, the C 1 s spec
trum displayed multiple well-defined components. The peak centered 
around the binding energy associated with C-N confirmed the contri
bution of the PEI layer, consistent with the amine-rich structure of PEI. 
In addition, two prominent peaks corresponding to C-O and C––O were 
clearly observed, which are characteristic of the saccharide backbone of 
ALG. The emergence and significant intensity of these oxygen- 
containing carbon species indicated the formation of an ALG overlayer 
on top of the PEI-modified surface. Compared with the Tribo FEP/Au- 
PEI sample, the increased C-O and C––O signals provided direct chem
ical evidence of the successful adsorption of ALG. The N 1 s spectrum 
(Fig. 4B) further supported these findings. Clear peaks corresponding to 
N-H and -NH₂ groups, both originating from PEI, were observed on the 

Fig. 4. Self-assembly characterization and self-cleaning application of triboelectric-induced polarization Tribo FEP/Au-PEI-ALG. (A) XPS C 1 s spectra of Tribo FEP/ 
Au-PEI-ALG. (B) XPS N 1 s spectra of Tribo FEP/Au-PEI-ALG. (C) XPS O 1 s spectra of Tribo FEP/Au-PEI-ALG. (D) SEM morphology images and EDX elemental maps 
of Tribo FEP/Au-PEI-ALG. (E) AFM height images and line profiles show height variations indicative of PEI-ALG self-assembly on Tribo FEP/Au-PEI-ALG. (F) Un
derwater oil adhesion and self-cleaning tests comparing FEP/Au under different treatment conditions.
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Tribo FEP/Au-PEI-ALG sample. The presence of these distinct nitrogen 
peaks indicated that the underlying PEI layer was still retained after ALG 
assembly, suggesting that the adsorption process did not disrupt the 
amine functionalities but instead formed an additional ALG on top of it. 
The relative intensity of the nitrogen peaks also reflected the expected 
attenuation due to the presence of the ALG overlayer, further supporting 
the formation of a multilayered structure. The O 1 s spectrum shown in 
Fig. 4C exhibited two primary components attributable to O-C and O––C 
species, which are characteristic of the carboxylate and hydroxyl groups 
distributed along the alginate polymer chains. Compared with the 
background oxygen signal of the Tribo FEP/Au-PEI surface, the signifi-
cantly enhanced O 1 s components provided additional confirmation of 
the presence of ALG. Together, these XPS results confirm a chemically 
stratified PEI/ALG architecture rather than nonspecific adsorption of a 
single component. Additional supporting characterizations XRD indicate 
that all samples showed characteristic peaks of FEP and Au, indicating 
that the structure of the substrate was retained (Fig. S22). However, the 
peak intensities gradually decreased from FEP/Au-PEI to Tribo FEP/Au- 
PEI and Tribo FEP/Au-PEI-ALG. This attenuation can be attributed to the 
successive deposition of PEI and ALG layers, which partially shielded the 
substrate from the X-ray beam. UV–vis absorption spectra of Tribo FEP/ 
Au-PEI and Tribo FEP/Au-PEI-ALG were further measured (Fig. S23). In 
the ultraviolet region, the absorption intensity of Tribo FEP/Au-PEI-ALG 
was lower than that of Tribo FEP/Au-PEI, which can be attributed to the 
formation of an ALG overlayer partially covering the underlying PEI. 
This decrease in absorption provides additional evidence for the suc-
cessful adsorption of ALG onto the PEI-modified surface, consistent with 
the structural and chemical characterizations described above. We next 
examined the morphology and thickness of the resulting PEI/ALG 
multilayer. SEM images reveal a continuous polymeric coating with 
distinct surface texture relative to the bare substrate (Fig. 4D). To further 
confirm the composition of these layers, EDX mapping was performed 
across the surface. The analysis detected C, contributed by both PEI and 
ALG, N, originating from the underlying PEI layer, and O, predomi-
nantly associated with the ALG coating. Spatial mapping showed that N 
was distributed throughout the PEI layer but appeared relatively 
attenuated in regions covered by ALG, indicating partial shielding of the 
PEI signal by the polysaccharide overlayer. O was uniformly distributed 
over the surface, consistent with a continuous ALG layer. These results 
not only confirmed the successful deposition of ALG onto the PEI- 
modified surface but also supported the formation of a well-defined 
multilayered structure. AFM topography (Fig. 4E) provides quantita-
tive thickness information, revealing an average multilayer thickness of 
~125 nm from line-profile analysis, indicating substantial vertical 
build-up through sequential adsorption. Importantly, electrochemical 
measurements (potentiostatic response and cyclic voltammetry) show 
no significant perturbation relative to controls (Figs. S24 and S25), 
suggesting that the polymer assembly predominantly modifies interfa-
cial wetting/adhesion behavior without introducing pronounced elec-
trochemical side reactions on the Au substrate under the tested 
conditions. Finally, given that hydrophilic surfaces can repel oils in 
aqueous environments and facilitate spontaneous contaminant release, 
we evaluated whether the polysaccharide-rich ALG coating confers 
practical antifouling and self-cleaning behavior to the modified sub-
strate. Underwater oil-adhesion tests show a clear progression from 
strong oil wetting on FEP/Au-PEI to weakened adhesion on Tribo FEP/ 
Au-PEI and the most pronounced oil repellence on Tribo FEP/Au-PEI- 
ALG (Fig. 4F). Specifically, the immersion-only PEI sample exhibits 
persistent oil spreading and stable adhesion over minutes (Fig. 4F I), 
whereas Tribo FEP/Au-PEI displays time-dependent contraction of the 
oil droplet followed by spontaneous detachment (~30 s; Fig. 4F II). 
Remarkably, Tribo FEP/Au-PEI-ALG shows the largest initial underwa-
ter oil contact angle and the fastest detachment, with complete release 
occurring within ~10 s (Fig. 4F III). To evaluate the robustness of the 
self-cleaning performance, a range of oil phases and chemically complex 
aqueous environments were systematically investigated. Both olive oil 

and liquid paraffin undergo spontaneous detachment, albeit with 
distinct detachment dynamics (Fig. S26). In high-ionic-strength elec-
trolytes containing NaCl, CaCl₂, and MgCl₂, the detachment kinetics are 
slowed as a result of enhanced electrostatic screening; nevertheless, the 
self-cleaning functionality remains well preserved (Fig. S27). The self- 
cleaning demonstration is presented as a qualitative illustration of sur-
face functionality under the studied conditions. Fig. 4F provides a 
schematic illustration of the interfacial processes underlying oil 
detachment. This accelerated de-oiling behavior is consistent with the 
formation of a highly hydrophilic outer layer that supports a stable 
hydration layer and reduces interfacial oil adhesion. Collectively, these 
results demonstrate that triboelectric-induced polarization not only 
enables power-free LbL molecular assembly but also provides a route to 
functional underwater interfaces with rapid self-cleaning capability.

In principle, spatially patterned polarization fields could be achieved 
through controlled triboelectrification, as the underlying mechanism is 
governed by spatially distributed surface charges. By engineering con-
tact geometry, pressure distribution, or sliding trajectories during the 
triboelectric process, localized variations in charge density can be 
introduced, leading to spatially resolved interfacial electric fields. Such 
patterned fields could enable selective adsorption of charged molecular 
species, thereby guiding spatially controlled molecular assembly at 
solid-liquid interfaces. Furthermore, by dynamically tuning triboelectric 
conditions during sequential assembly steps, it may be possible to 
construct hierarchical multilayer structures with spatially varying 
composition and functionality. These considerations suggest a prom-
ising route toward programmable interfacial assembly and the devel-
opment of patterned functional materials.

3. Conclusion

In summary, we demonstrate that triboelectric-induced polarization 
can serve as a mechanically generated, bias-free interfacial electric field 
to direct molecular self-assembly at solid-liquid interfaces. A stable and 
directional polarization field enables the LbL assembly of PEI/ALG 
multilayers without surface functionalization or external electrical 
input, as confirmed by systematic characterizations. The assembly pro-
cess is governed by the polarization field, which directs molecular 
migration and interfacial organization. The resulting interface exhibits 
robust underwater self-cleaning behavior across different oil phases and 
complex aqueous environments, highlighting the functional relevance of 
this approach. These results establish triboelectric-induced polarization 
as a generalizable physical driving mechanism, where the field strength, 
rather than specific material identity, acts as the key controlling 
parameter. Several limitations remain. The uniformity of the assembled 
layers may be affected by spatial heterogeneity of the polarization field, 
while precise control is limited by the stochastic nature of contact 
electrification. In addition, field attenuation in aqueous environments 
and environmental factors such as humidity and ionic strength may 
influence reproducibility and scalability. Future work should focus on 
improving field controllability, developing patterned polarization stra-
tegies, and enabling more precise and programmable molecular 
assembly.

4. Experimental section

4.1. Materials

The metal charge-collecting layer on the dielectric substrate surface 
was sputtered by the magnetron sputtering deposition system (Discov-
ery 635, Denton Vacuum, America). The sputtering power used for this 
process was 50 W. The sputtering method was set to DC sputtering. The 
rotational speed during sputtering was kept at 50 r/min. The DI water 
with a resistivity of 18.2 MΩ⋅cm used here was produced by a deionizer 
(HHitech, China). The 50 μm-thick Fluorinated Ethylene Propylene 
(FEP) film (industrial grade). Polyetherimide (PEI), Aladdin, MW 
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70,000, 50% aqueous solution. Sodium alginate, Macklin, reagent 
grade, 90%.

4.2. Characterization and measurement

The surface morphologies of Tribo FEP/Au-PEI and Tribo FEP/Au- 
PEI-ALG membranes were examined using a field-emission scanning 
electron microscope (FEI/Nova NanoSEM450). Measurements were 
conducted under a N2 atmosphere: morphological imaging was per
formed at an accelerating voltage of 5 kV, while elemental analysis was 
carried out using an energy-dispersive X-ray spectroscopy (EDS) system 
at 20 kV with a beam current of 10 nA. Samples were pre-coated with a 
gold–palladium alloy for 120 s to enhance conductivity. Membrane pore 
structures were analyzed by X-ray diffraction (XRD) using a Bruker D8 
ADVANCE diffractometer with Cu Kα radiation (λ = 1.54 Å). Prior to 
measurement, sample surfaces were cleaned and flattened; scans were 
conducted at 5–45◦ (2θ) at room temperature, and the interplanar 
spacing (d) was calculated using Bragg’s law (2d sin θ = nλ, where n is 
an integer, λ is the X-ray wavelength, and θ is the diffraction angle). 
Surface morphology and thickness of membranes were further charac
terized by atomic force microscopy (Asylum Research, Oxford In
struments). Zeta potential measurements were performed at 25◦C using 
a BeNano Zeta analyzer (Dandong Betters). Chemical structures were 
investigated by Fourier-transform infrared spectroscopy (FTIR, Bruker 
VERTEX80v) and X-ray photoelectron spectroscopy (XPS, Thermo 
Fisher K-Alpha, Al Kα source, 1486.6 eV, 10 mA, 15 kV). Surface 
wettability was evaluated by measuring the water contact angle, con
ducted at room temperature using a contact angle goniometer (DSA100, 
LAUDA Scientific, Germany). All electrochemical measurements were 
carried out using a Multi Auto-lab M204 electrochemical workstation.

4.3. Simulations methods

In the COMSOL Multiphysics software, the Electrostatics Module was 
employed to conduct an electrostatic field simulation of the charged 
FEP-Au composite sample. Considering that the Au layer used in the 
experiment has a thickness of merely 90 nm and, as a good conductor, 
inherently satisfies the equipotential property, the Au layer was not 
designed as a solid domain. Instead, it was directly applied to the contact 
surface between the FEP film and the Au layer in the form of a terminal 
boundary condition under the Electrostatics Module. Eventually, the 
model was simplified into two geometric structures: one is the FEP film, 
and the other is the air domain that encloses the FEP film.

The material parameters were set based on the physical properties of 
the materials used in the experiment: the relative permittivity of FEP 
was set to 2.1, and that of air was set to 1.0. In terms of boundary 
conditions, all boundaries of the air domain were set to ground (V = 0) 
to simulate an infinite far-field environment; the terminal voltage cor
responding to the Au layer was set to V = V0, which refers to the elec
trostatic potential of the Au surface measured by a surface potentiometer 
in the experiment. Meanwhile, the parametric sweep of the terminal 
voltage was utilized to reproduce different charged states of the sample.

The simulation was solved under steady-state conditions to calculate 
the potential and electric field distributions around the sample. During 
postprocessing, the potential distribution and electric field distribution 
of the FEP film and the air domain, as well as the electric field intensity 
on the Au surface, were extracted. The variation patterns of various 
physical quantities under different V0 were analyzed quantitatively, 
providing reliable data support for explaining the mechanism of 
experimental phenomena.
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