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Polyelectrolytes as a Stable and Tunable Platform for
Triboelectric Nanogenerators

Hyeonseo Joo, Sujin Park, Sujeong Gwak, Hyosik Park, Soyoung Kim, Cheoljae Lee,
Wonho Lee,* and Ju-Hyuck Lee*

Polyelectrolytes (PEs) provide a versatile material system for improving
the efficiency and stability of triboelectric nanogenerators (TENGs). Compared
to conventional ionic liquids (ILs), which suffer from leakage, environmental
instability, and limited durability, PEs feature covalently tethered ionic groups
that enable precise tribopolarity control while preventing unwanted ion mi-
gration. By systematically varying polymer backbones and ionic compositions,
including two polycations and three polyanions, tunable triboelectric behavior
is demonstrated using Kelvin Probe Force Microscopy, time-of-flight secondary
ion mass spectrometry, and TENG output measurements. The polymethyl
acrylate (PMA)-based polycation with 20% ion inclusion shows strongly tri-
bopositive behavior, producing 83 V compared to 45 V for PMA. The polystyrene
(PS)-based polyanion with 10% ion inclusion exhibits strongly tribonegative
behavior with 34 V, compared to 8 V for PS. Optimizing ion ratios enhances
charge retention by suppressing excessive ionic conduction. The mechanical
and thermal stability of PEs is demonstrated by output measurements over
time; for example, the short-circuit current of PMA-based polycation with 20%
ion inclusion remains nearly unchanged after 1 week at 60 °C, in contrast to an
≈27% drop observed in a polymer-IL system (poly(methyl methacrylate) with
10 wt% IL). These findings highlight the suitability of PEs as a robust, stable,
and tunable platform for next-generation energy-harvesting applications.
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1. Introduction

Triboelectric nanogenerators (TENGs) are
devices that convert irregular mechanical
energy into electrical energy through tribo-
electrification and electrostatic induction.
Their lightweight nature, ease of fabrica-
tion, reliability, and environmental friend-
liness make them promising renewable en-
ergy sources.[1]These characteristics render
TENGs highly suitable for diverse appli-
cations, including soft robotics,[2] biomed-
ical sensors,[3] and personal electronics.[4]

Optimizing TENG performance heavily re-
lies on selecting materials[5] with highly
contrasting electron affinities to control tri-
bopolarity, which includes both the polar-
ity and magnitude of the charges gener-
ated during contact electrification.[6] Con-
sequently, research in tribomaterials has
been progressing rapidly, exploring various
strategies to enhance the triboelectric ef-
fect, such as surface micropatterning[7] and
chemical surface treatments with plasma.[8]

One of the most critical factors for
enhancing TENG performance is achiev-
ing high permittivity.[9] To address this,

various strategies have been introduced to increase permittiv-
ity, including the incorporation of high-dielectric fillers such
as high-k nanoparticles (titanium dioxide (TiO2),

[10] barium ti-
tanate (BaTiO3)

[11]), conductive nanomaterial (graphene,[12] liq-
uid metal[13]) and ionic liquids (ILs).[14] ILs, in particular, have
demonstrated great potential in advancing TENGs[15] by in-
ducing ionic polarization and significantly enhancing triboelec-
tric charge generation through the formation of electric dou-
ble layers (EDLs).[16] For instance, studies have shown that in-
corporating ILs into polymer matrices, such as polyurethane
(PU),[14b,17] polyvinylidene fluoride (PVDF),[18] etc[16c,19] can sub-
stantially improve TENG output performance. Additionally, ILs
offer advantages such as flexibility[15a,16a,20] (due to their low
glass transition temperature), transparency[16a,19] (optical clarity),
fire resistance[19] (from their thermally stable ionic structures),
and self-healability[14a,21] (enabled by dynamic ionic interactions).
These properties make IL-containing polymers highly adaptable
for a wide range of applications, including wearable, transparent,
and durable electronics.
However, despite their numerous advantages, traditional IL-

based TENG faces critical challenges, including long-term sta-
bility, leakage risks, and environmental concerns.[22] While ILs
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Figure 1. Overview of concept and material design of the PEs for TENGs. a) Schematic representation of the polycation and polyanion. b) The molecular
structures of P(MA-A+)TFSI− and c) P(MA-S−)K+; all PEs were synthesized with ion molar fractions of 0.05, 0.1, 0.2, and 0.3, which correspond to 5%,
10%, 20%, and 30% of the total monomer composition.

significantly enhance triboelectric charge generation through
ionic polarization, their inherent sensitivity to external factors
such as temperature, humidity, and oxygen can lead to evap-
oration or decomposition over time, ultimately degrading de-
vice performance. Additionally, ILs share similar leakage risks
with electrolytes, raising concerns about potential environmen-
tal contamination. Moreover, although ILs have been widely ex-
plored in TENG applications, previous studies have not fully
elucidated the influence of ionic characteristics on triboelec-
tric behavior. The presence of both cations and anions within
the polymer matrix adds further complexity to understand-
ing charge transfer mechanisms, making it difficult to pre-
cisely control tribopolarity.[23] Therefore, a more systematic ap-
proach is required to address these limitations and unlock the
full potential of IL-based materials for next-generation TENG
development.
In this work, we introduce polyelectrolytes (PEs) as a novel

material platform for precisely controlling tribopolarity while en-
suring long-term stability in TENGs. Unlike traditional ILs, PEs
incorporate covalently bonded ionic groups within a polymeric
backbone, improving stability and preventing leakage while
maintaining ionic polarization benefits. We systematically inves-
tigate how polymer structure and ion type (cationic or anionic)
affect tribopolarity, charge generation, and mechanical/thermal
stability. As a model system, we designed PEs based on poly-
methyl acrylate (PMA) and polystyrene (PS), varying their ionic
composition to study structure-property relationships. Through
a comparative analysis of two polycations and three polyanion
PEs, we elucidate the relationship between ionic structure and
triboelectric behavior. Furthermore, time-of-flight secondary ion
mass spectrometry (TOF-SIMS) analysis is employed to explore
the role of ionic polarization and charge compensation in tri-
bopolarity modulation. This research not only deepens our un-
derstanding of IL-based TENG mechanisms but also establishes

a foundation for developing stable, high-performance energy har-
vesting devices with tunable triboelectric properties.

2. Results and Discussion

Figure 1a presents the material design strategy for control-
ling triboelectric properties using PEs, where the backbone
structure remains consistent while the ionic component is
selectively varied. To systematically investigate the effect of ion
type on triboelectric behavior, we designed PEs based on a PMA
backbone, incorporating either a cationic group Poly(methyl
acrylate-co-[2-(acryloyloxy)ethyl]trimethylammonium
bis(trifluoromethanesulfonyl)imide) (P(MA-A+)TFSI−)) or an
anionic group Poly(methyl acrylate-co-potassium 3-sulfopropyl
acrylate) (P(MA-S−)K+)), as shown in Figure 1b. The synthe-
sis of these PEs followed the routes outlined in Figure S1
(Supporting Information), with detailed procedures provided
in the experimental section. By maintaining the same PMA
backbone and selectively varying the ionic species, we aimed
to isolate the role of ion polarity in determining tribopolarity.
To further assess the effect of ionic density, varying ion incor-
poration ratios, specifically at molar fractions of 0.05, 0.1, 0.2,
and 0.3, which correspond to 5%, 10%, 20%, and 30% of the
total monomer composition. The chemical structures and the
actual ratios between neutral and ionic moieties were verified
via nuclear magnetic resonance (NMR) spectroscopy (Figure
S2, Supporting Information), confirming successful synthesis
and precise compositional control. In addition, we fabricated
PE-based TENGs using the synthesized polycation and polyan-
ion samples (Figure S3, Supporting Information) through a
straightforward process involving dissolution, solution casting,
drying, and device assembly. Actual images of the polyelectrolyte
samples and the assembled TENG device are included for visual
clarity.
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Figure 2. Tribopolarity modulation in PMA-based PEs – polycation and polyanion variants. a) Working mechanism of the P(MA-A+)TFSI−-based TENG
in contact with PMA. b) Output voltage signal of P(MA-A+20)TFSI

−-based TENG. c) Output signal characteristics of a PMA-based PEs-triboelectric
nanogenerator upon contact with PMA. d) Surface potential measurements of PMA-based PEs (P(MA-A+)TFSI− and P(MA-S−)K+) obtained via KPFM.
e) Scheme illustration of the contact charge transfer between PMA and PMA-based PEs. f) Triboelectric series for PMA-based PEs as a function of PE
type and ion inclusion ratios.

Figure 2a illustrates the schematic diagram and work-
ing mechanism of TENGs utilizing PMA-based PEs (P(MA-
A+)TFSI−) and PMA (i.e., without ionic groups) as the triboelec-
tric layers. This setup was designed to evaluate the tribopolar-
ity of PEs relative to the neutral PMA backbone, serving as a

reference. The output current signal of P(MA-A+)TFSI− based
TENG is presented in Figure 2b. Initially, in the released state
(step i), there is no contact between the P(MA-A+)TFSI− layer
and the PMA layer, resulting in no charge transfer. During press-
ing (step ii), the P(MA-A+)TFSI− layer acquires positive charges,
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while the PMA layer attains negative charges due to triboelec-
trification, generating a positive current signal. In the pressed
state (step iii), the potential difference between the two layers
is maximized, causing electron flow from the P(MA-A+)TFSI−

layer to the PMA layer through the external circuit. Upon releas-
ing (step iv), as the two layers begin to separate, electrons re-
turn to the P(MA-A+)TFSI− layer, producing a negative current
signal. Figure 2c presents the electrical output signals observed
during pressing and releasing operations. By analyzing the di-
rection of these signals, the tribopolarity of each material can be
determined.[24] A comparative analysis of PMA interactions with
both P(MA-A+)TFSI− and P(MA-S−)K+ revealed an inverse rela-
tionship in charge polarity. Specifically, P(MA-A+)TFSI− exhib-
ited enhanced tribopositive behavior, whereas P(MA-S−)K+ dis-
played stronger tribonegative behavior compared to native PMA.
Notably, in both PEs with 30% ion inclusion, the output signals
significantly decreased, a phenomenon that will be discussed in
detail later. These results confirm that modifying the ionic com-
position of PEs while maintaining the same PMA backbone sig-
nificantly influences tribopolarity, thereby impacting the overall
output performance of TENGs.
To further clarify the triboelectric behavior of PMA-based PEs

relative to neutral PMA, we compared the surface potentials of
each material using Kelvin Probe Force Microscopy (KPFM).
While the surface potential measured by KPFM does not pre-
cisely reflect the effective work function due to various exter-
nal influences, it serves as a reliable comparative tool for as-
sessing triboelectric trends among materials by evaluating rela-
tive differences. As shown in Figure 2d, surface potential mea-
surements revealed a clear correlation between ion concentra-
tion and triboelectric properties. Neutral PMA exhibited a sur-
face potential of ≈301 mV, serving as the reference. In contrast,
P(MA-A+)TFSI− showed a gradual increase, reaching 403 mV
at its highest ion ratio (P(MA-A+

30)TFSI
−), indicating enhanced

tribopositivity. Conversely, P(MA-S−)K+ displayed a systematic
decrease, dropping to 152 mV at P(MA-S−

30)K
+, highlighting

the role of ion composition in modulating triboelectric behav-
ior. These results suggest a charge transfer mechanism dictated
by the electronic states of the materials. When PMA-based poly-
cation (P(MA-A+)TFSI−) contacts neutral PMA, electron trans-
fer occurs from the filled electronic states of P(MA-A+)TFSI− to
the empty electronic states of PMA (Figure 2e(i)). In contrast,
when PMA-based polyanion (P(MA-S−)K+) interacts with PMA,
electron flows from PMA to P(MA-S−)K+ (Figure 2e(ii)), lead-
ing to tribonegative behavior. Figure 2f summarizes these find-
ings, demonstrating that P(MA-A+)TFSI− exhibits progressively
stronger tribopositive behavior with increasing ion concentra-
tion, whereas P(MA-S−)K+ becomes increasingly tribonegative
under similar conditions. These results highlight the tunability
of triboelectric properties through controlled ionic modifications
in PEs, offering a systematic approach for optimizing TENG per-
formance. To further confirm the tunable triboelectric behavior
of PMA-based PEs, we conducted a comparative analysis between
the materials, as shown in Figure S4 (Supporting Information).
With increasing ion content, P(MA-A+)TFSI− samples exhibited
progressively stronger tribopositive behavior, while P(MA-S−)K+

samples becamemore tribonegative. These results align with the
triboelectric series shown in Figure 2f, confirming the influence
of ionic composition on tribopolarity.

To systematically evaluate the triboelectric performance of
P(MA-A+)TFSI− and P(MA-S−)K+, we fabricated TENGs using
nylon, polyethylene terephthalate (PET), polyimide (PI), and per-
fluoroalkoxy alkane (PFA) as counter materials and measured
their output performance. Given the well-established triboelec-
tric ranking of these materials (Figure S5, Supporting Infor-
mation), this experimental design allowed for a relative assess-
ment of PE-based tribopolarity across different counter materi-
als. As shown in Figure 3a, when using nylon, which is a conven-
tional tribopositive material, neutral PMA exhibited slightly tri-
bopositive behavior, generating an output voltage of ≈5 V. How-
ever, P(MA-A+

20)TFSI
− demonstrated significantly enhanced tri-

bopositivity, reaching 59V, whereas P(MA-S− )K+ became increas-
ingly tribonegative, reversing its output signal beyond a 10%
ion ratio and peaking at ≈−36 V at 20% ion inclusion. A simi-
lar trend was observed with other counter materials, including
PET, PI, and PFA, as shown in Figure 3b,c, and Figures S6–S9
(Supporting Information), including detailed output data (volt-
age, current, and normalized charge density, μC m−2). Across
all cases, the relative positioning of PEs within the triboelec-
tric series (Figure 3d) determined the polarity and magnitude of
charge transfer, confirming that ionic composition and counter-
material selection systematically control tribopolarity. Notably,
P(MA-A+

20)TFSI
− consistently exhibited stronger tribopositive

behavior relative to nylon, PET, PI, and PFA, while P(MA-S−
20)K

+

became increasingly tribonegative compared to PET and nylon
but remained tribopositive relative to PI and PFA. This behavior
can be attributed to the limited tribonegative potential of the PMA
backbone, which restricts the extent of negative charge transfer.
Furthermore, the peak output for all counter materials occurred
at a 20% ion ratio, suggesting an optimal balance between charge
generation and stability. This is because higher ion concentra-
tions lead to increased ionic conductivity, causing leakage current
and reduced output (as further discussed in Figure 3h). These
findings establish PMA-based PEs as tunable triboelectricmateri-
als, capable of being positioned anywhere within the triboelectric
series by adjusting their ionic ratios and counter-material pair-
ings. This tunability enables precise control over tribopolarity,
offering a versatile strategy for optimizing TENG performance
in diverse material systems. We further evaluated the long-term
performance stability by tracking current density over time using
nylon as the counter material and P(MA-A+

20)TFSI
− and P(MA-

S−
20)K

+ as the active layers (Figure 3e). The stability results indi-
cate that both the tribopositive and tribonegative states maintain
consistent and stable outputs over an extended period, demon-
strating the reliability of PMA-based PEs.
To further investigate the impact of ion inclusion on triboelec-

tric performance, we analyzed the dielectric constant and conduc-
tivity of P(MA-A+)TFSI− and P(MA-S−)K+ as functions of the ion
inclusion ratio. Figure 3f,g show that the dielectric constant,mea-
sured at 3 Hz, increases significantly with higher ion inclusion
ratios for both polycation and polyanion systems, which can be
attributed to the ionic polarization effect. This enhancement in
the dielectric constant likely supports increased surface charge
density,[25] correlating with the higher output voltage observed
at 20% ion inclusion (Figure 3a). While a higher dielectric con-
stant contributes to improved charge density, the overall tribo-
electric performance is predominantly governed by tribopolarity
shifts. For example, with PET and PFA (Figure 3b,c), the output
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Figure 3. Output performance and electric properties of PMA-based polycation and polyanion. (Contact area: 3 × 3 cm2, Frequency: 3 Hz, Force: 20 N,
25 °C, 40% RH) Open-circuit voltage of PMA-based PEs (P(MA-A+)TFSI− and P(MA-S−)K+) TENG as a function of ion inclusion ratio in contact with
a) nylon, b) PET and, c) PFA. d) Comparison of triboelectricity between P(MA-A+20)TFSI

−/P(MA-S−20)K
+ and other polymers (nylon, PET, PI, and PFA).

e) Long term stability P(MA-A+)TFSI− and P(MA-S−)K+ based TENGs contact with nylon. The dielectric constant of PMA-based PEs was measured at
3 Hz, for f) P(MA-A+)TFSI− and g) P(MA-S−)K+. h) Relationship between output voltage and ionic conductivity of P(MA-A+)TFSI− and P(MA-S−)K+,
measured using nylon as the counter material.

of P(MA-S−)K+ shows a clear decreasing trend as the ion inclu-
sion ratio increases. This behavior is primarily attributed to the
increasingly tribonegative nature of the polyanion system, which
suppresses charge transfer at higher ion ratios. In contrast, poly-
cation systems maintain tribopositive behavior, peaking at 20%
before declining. These results confirm that tribopolarity shifts
induced by varying ion inclusion ratios are the primary determi-
nant of output performance.
Additionally, at 30% ion inclusion, a significant decrease in

output voltage is observed across all systems (Figure 3a–c).
To evaluate whether this reduction originates from mechanical
properties, especially brittleness induced by excessive ion inclu-
sion, we performed rheological measurements to obtain shear
storage and loss modulus data. Figure S10 (Supporting Infor-
mation) presents oscillatory shear sweeps conducted from 1 to
100 rad s−1, with the storage modulus, loss modulus, and tan 𝛿

(loss factor) summarized at 1 rad s−1. Interestingly, polycation
and polyanion systems exhibit opposite trends. The storage mod-
ulus of the polycation decreases with increasing ion composi-
tion, while that of the polyanion increases. Furthermore, their
tan 𝛿 also shows distinct behavior; specifically, the tan 𝛿 of the
polycation increases with higher ion ratios. These contrasting
trends arise from differences in ionic structures and intermolec-

ular interactions. In the polycation system, bulky counter-anions
(TFSI−) inhibit the formation of ionic clusters, reducing inter-
molecular interactions. Conversely, small-sized K+ ions in the
polyanion system facilitate stronger intermolecular interactions
by promoting ionic cluster formation.[26] Based on these obser-
vations, we can conclude that variations in mechanical proper-
ties do not significantly impact TENG performance. Instead, the
performance decline at 30% ion inclusion is mainly attributed to
leakage current, which becomes prominent when conductivity
exceeds ≈10−3 mS cm−1.[19] Conductivity analysis confirms that
both P(MA-A+

30)TFSI
− and P(MA-S−

30)K
+ surpass this thresh-

old, leading to suppressed output (Figure 3h). As shown in Figure
S11 (Supporting Information), higher ion concentrations at 30%
inclusion lead to the formation of leakage pathways, which sig-
nificantly suppress output performance. This highlights the need
to carefully balance ion ratios to optimize TENG performance.
The phenomenon of polycations becoming tribopositive and

polyanions becoming tribonegative can be attributed to the be-
havior of ions in PEs. In these systems, either the cation or
anion is anchored to the polymeric backbone, while the coun-
terions remain free to migrate. This configuration causes the
counterions to localize at the surface, establishing a stable ionic
polarization as the mobile ions move and accumulate. This
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Figure 4. The working mechanism of polyelectrolyte-based TENG. a) TOF-SIMS depth profiles of negative ion (CF3SO2N
−) from P(MA-A+)TFSI−. b)

Migration and accumulation of free ions and the formation of internal ionic polarization in polycation. c) The overlapped electron-cloud model for
polycation and transfer of charge. d) TOF-SIMS depth profiles of negative ion (SO3

−) from P(MA-S−)K+. e) Migration and accumulation of free ions
and the formation of internal ionic polarization in polyanion. f) The overlapped electron-cloud model for polyanion and transfer of charge.

process enhances triboelectric charge accumulation through the
formation of compensating charges, thereby improving TENG
output performance. To investigate and elucidate this phe-
nomenon, time-of-flight secondary ionmass spectrometry (TOF-
SIMS) was employed to analyze the presence and distribution of
ions near the surface. Figure 4a presents the TOF-SIMS depth
profiles for CF3SO2N- in P(MA-A+

20)TFSI
− after sputtering the

surface for ≈150 s, revealing that mobile anions are more con-
centrated at the surface than in the bulk. This preferential migra-
tion of mobile anions toward the surface leads to localized charge
redistribution. As shown in Figure 4b and Figure S12a (Support-
ing Information), the migration of TFSI− anions to the surface is
evident from the increased CF3SO2N

− signal in the TOF-SIMS
depth profile, while the fixed cations remain in the bulk. This re-
distribution induces internal ionic polarization and charge com-
pensation, stabilizing a net positive charge at the interface, which
in turn results in the polycation exhibiting tribopositive char-
acteristics. To further illustrate this behavior, Figure 4c depicts
the electronic interaction between the PMA-based polycation and
PMA upon contact. The surface accumulation of mobile TFSI−

anions, as observed through TOF-SIMS, likely affects the poly-
cation’s energy levels, potentially facilitating electron transfer to
PMA. Upon separation, the transferred electrons become con-
fined by potential barriers, leading to a stable positive charge
on the polycation surface, thereby reinforcing its tribopositive
behavior.
Conversely, P(MA-S−)K+ showed the opposite behavior: mo-

bile cations (K+) preferentially migrate toward the surface, as
confirmed by TOF-SIMS depth profiles of SO3− in P(MA-S−)K+

shown in Figure 4d. As shown in Figure 4e and Figure S12b (Sup-

porting Information), this redistribution induces internal ionic
polarization, with charge compensation occurring due to the ac-
cumulation of mobile cations at the surface. This charge imbal-
ance enhances the polyanion’s tendency to attract electrons upon
contact, stabilizing a net negative charge and reinforcing its tri-
bonegative behavior. Figure 4f further illustrates the electronic in-
teraction between the PMA-based polyanion and PMA upon con-
tact. The surface-localized mobile cations likely induce a down-
ward shift in energy levels, making the polyanion energetically
favorable for electron acceptance from PMA. Upon separation,
potential barriers restrict the return of the transferred electrons,
resulting in a stable negative charge on the polyanion surface and
further strengthening its tribonegative behavior.
To verify the universality of PE structural effects on the tri-

bopolarity across different material configurations, we explored
variations in ion types and polymeric backbones to assess their in-
fluence on triboelectric behavior (Figure 5a). Specifically, we an-
alyzed the impact of replacing the polyanion in P(MA-A+)TFSI−

with imidazole (poly(methyl acrylate-co-1-(2-acryloyloxyethyl)-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide)
(P(MA-I+)TFSI−)) and substituting the counterion in P(MA-
S−)K+ with imidazole (poly(methyl acrylate-co-1-ethyl-3-
methylimidazolium 3-sulfopropyl acrylate) (P(MA-S−)I+))
on triboelectric behavior. Additionally, we investigated the effect
of replacing the PMA polymeric backbone with PS (poly(styrene-
co-sodium 4-vinylbenzenesulfonate) (P(S-S−)Na+)) to further
evaluate the structural dependence of triboelectric properties.
The synthetic schemes of PMA-based imidazole PEs and PS-
based PEs are outlined in Figure S13 (Supporting Information),
with detailed procedures provided in the experimental section.
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Figure 5. Modulation of tribopolarity by change of type of ions and backbone modification in PEs. a) The molecular structures of PMA-based imidazole
PEs and PS-based PE. b) Output signal characteristics of TENGs upon contact with PMA and PS. c) Output signal characteristics of a PMA-based imida-
zole PE-TENG upon contact with nylon. d) Output signal characteristics of a PS-based PE-TENG upon contact with PI. e) Surface potential measurements
of PEs (P(MA-I+)TFSI−, P(MA-S−)I+ and P(S-S−)Na+) obtained through KPFM. f) Triboelectric series for PEs (P(MA-A+20)TFSI

−, P(MA-I+20)TFSI
−,

P(MA-S−20)K
+, P(MA-S−20)I

+, and P(S-S−20)Na
+).

The chemical structures and their ion ratios of the PMA-based
imidazole PEs were confirmed using NMR spectroscopy (Figure
S14, Supporting Information). For the PS-based polyanion, the
ion ratios were determined through elemental analysis (EA),
as the chemical shifts in the neutral and ionic segments were
identical (Table S1, Supporting Information).
Figure 5b demonstrates the output electrical signals during

pressing and releasing operations for P(MA-I+)TFSI− and P(MA-
S−)I+ in contact with PMA. Consistent with previous observa-
tions, P(MA-I+)TFSI− exhibits tribopositive behavior, generating
a positive current, while P(MA-S−)I+ exhibits tribonegative be-
havior, producing a negative current (Figure S15, Supporting In-
formation). Similarly, when P(S-S−)Na+ was tested in contact
with PS, it exhibited a tribonegative behavior, consistent with

that of other polyanions, including P(MA-S−)K+ and P(MA-S−)I+

(Figure S16, Supporting Information). Figure 5c,d show the out-
put performance of PMA-based imidazole PE and PS-based PE
when in contact with conventional triboelectric layers such as
nylon and PI, respectively. The triboelectric output performance
also strongly depends on ion concentration, similar to the results
shown in Figures 2 and 3. P(MA-S−)I+ (polyanion) becomes in-
creasingly tribonegative as ion content increases, surpassing ny-
lon in tribonegativity at 20%. Meanwhile, P(MA-I+)TFSI− (poly-
cation) exhibits enhanced TENG output and becomes more tri-
bopositive with increasing ion concentration. However, beyond
20%, the output decreases due to increased conductivity, follow-
ing a trend similar to other PEs in Figure 3 (Figures S17–S20,
Supporting Information). Additionally, while native PS exhibits

Adv. Mater. 2025, 2505547 2505547 (7 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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a more tribopositive characteristic compared to PI, the polyan-
ion structure (P(S-S−)Na+) becomes more tribonegative than PI
when the ion concentration exceeds 10% (Figures S21–S24, Sup-
porting Information). These findings confirm that ionic compo-
sition and triboelectric polarity are closely linked, with polyca-
tions exhibiting tribopositive behavior and polyanions display-
ing tribonegative behavior. This trend persists across different
ion types and polymeric backbones, demonstrating the broad ap-
plicability of our approach. Furthermore, surface potential anal-
ysis (Figure 5e) reveals that P(MA-I+)TFSI− shows increased tri-
bopositivity with higher ion ratios, reaching 365mV at 30%. Con-
versely, P(S-S−)Na+ becomes more tribonegative, decreasing to
−106 mV, emphasizing the critical role of ion concentration in
modulating triboelectric properties. As shown in Figure 5f and
Figure S25 (Supporting Information), the triboelectric series can
be established for these materials using the 20% ion inclusion
samples (P(MA-A+

20)TFSI
−, P(MA-I+20)TFSI

−, P(MA-S−
20)K

+,
P(MA-S−

20)I
+, and P(S-S−

20)Na
+), with polycations positioned to-

ward the tribopositive behavior and polyanions toward the tri-
bonegative behavior. These results underscore that both ion se-
lection and polymeric backbone significantly influence triboelec-
tric behavior. This tunability offers significant advantages for the
design and development of high-performance TENGs. Although
the output performance of our TENGs is relatively modest, the
ability to systematically control tribopolarity through ionic com-
position and polymeric structure offers a unique and practical
advantage. Table S2 (Supporting Information) presents a com-
parison with previously reported ionic polymer-based systems,
underscoring the tunable platform established in this work.
Next, we explored the mechanical and thermal stability of PE

systems bymeasuring the output of P(MA-A+
2n)TFSI

− under ap-
plied forces ranging from 10 N to 40 N and at different temper-
atures. As shown in Figure 6a,b, and P(MA-A+

2n)TFSI
− main-

tained stable performance without any reduction in output, even
after oneweek of storage at 60 °C and under various pressure con-
ditions. Notably, the measurements in Figure 6b were conducted
using a hotplate for temperature control, demonstrating themea-
surement process under high-temperature conditions (Video S1,
Supporting Information). Additionally, the long-term stability
analysis revealed that the samples retained their stable output
both in the original state and after storage, further confirming
that the PE structure ensures mechanical and thermal stability.
Subsequently, we compared the stability of traditional polymer-
IL systems, which consist of a polymer matrix and freely mobile
ILs, with PEs. To make this comparison, we prepared a poly-
mer electrolyte using poly(methyl methacrylate) (PMMA) and
1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMIM][TFSI]) (Figure S26a, Supporting Information). As
shown in Figure S26b (Supporting Information), the voltage and
current outputs for PMMAwith ILs demonstrate initial improve-
ments. However, as the ion ratio increases to 20 wt%, the mate-
rial becomes sticky and unsuitable for effective TENG operation,
making it impossible tomeasure output performance. Therefore,
we utilized 10 wt% IL-infused PMMA as a control sample, which
contained a smaller amount of IL compared to the PEs.
To further compare the stability of PEs and polymer-IL sys-

tems, we tested PMMAwith 10 wt% IL (PMMA+10IL) under ap-
plied forces ranging from 10 to 40 N (Figure 6d). After one week
of storage at 60 °C, the overall output of PMMA+10IL decreased

significantly compared to its original state, with a greater reduc-
tion observed at higher applied forces. Furthermore, when mea-
sured at 60 °C (Figure 6e; Video S2, Supporting Information),
the output increased for applied forces of 10 N to 30 N com-
pared to measurements taken at room temperature (RT). This
increase is attributed to the enhanced mobility of ILs at elevated
temperatures.[21] However, at an applied force of 40 N, the output
decreased below that at RT. After one week of storage at 60 °C,
the output exhibited an even more pronounced decrease. These
results suggest that the polymer-IL TENG is highly susceptible
to performance issues under high temperature and mechanical
stress due to leakage.[27] In contrast, the PE-based TENG main-
tained stable operation even under similar conditions. Moreover,
long-term stability analysis (Figure 6c,f) revealed that the PE-
based TENG operated consistently at RT both before and after
one week of storage at 60 °C. In comparison, the polymer-IL
TENG showed a reduced output after storage at 60 °C and failed
to recover its performance over extended measurements, again
due to IL leakage during storage. These findings highlight PEs as
a robust and tunable platform for developing high-performance
TENGs. To further confirm the environmental robustness of PEs,
we investigated their stability under varying humidity conditions
(40%, 60%, and 80% RH). As shown in Figure S27 (Supporting
Information), the output current of P(MA-A+

20)TFSI
− remained

consistent across all tested humidity levels, demonstrating the
negligible impact of humidity on its triboelectric performance.
This result further supports the reliability of PEs under diverse
environmental conditions.
In addition, we investigated the interaction mechanisms

within the PE and polymer-IL systems, as illustrated in
Figure 6g,h. Specifically, in PEs (Figure 6g), the ionic compo-
nents are strongly bound to the polymer backbone via ion–dipole
interactions, which ensure structural stability and minimize ion
leakage. In contrast, the polymer-IL system (Figure 6h) exhibits
weaker ion interactions, with ionic species remaining more mo-
bile within the polymer matrix. This difference accounts for the
superior thermal and mechanical stability of PEs, as confirmed
by the long-term performance data in Figure 6c,f.
To further demonstrate the versatility of our PE-based TENGs,

we explored their performance across various operationalmodes.
Specifically, we fabricated TENGs using P(MA-A+

20)TFSI
− as

the polycation and P(S-S−
10)Na

+ as the polyanion and evalu-
ated their performance in single-electrode mode (Figure S28,
Supporting Information), lateral-sliding mode (Figure S29, Sup-
porting Information), and freestanding triboelectric-layer mode
(Figure S30, Supporting Information). These experiments con-
firmed that the PE-based TENGs can operate consistently across
different TENG configurations, highlighting their broad ap-
plicability. This versatility suggests that our PE-based TENG
platform can be widely adopted in diverse energy-harvesting
applications.

3. Conclusion

We propose a new strategy for controlling tribopolarity by tai-
loring polymeric backbones and adjusting the fixed or mobile
ions in PEs. Through KPFM and TENG analysis, we demon-
strate that polycations exhibit increasingly tribopositive behav-
ior, while polyanions become more tribonegative as ion ratios

Adv. Mater. 2025, 2505547 2505547 (8 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 6. a) Short-circuit current of P(MA-A+20)TFSI
− measured at RT (40% RH) in the original state and after storing at 60 °C. b) Short-circuit current

of P(MA-A+20)TFSI
− measured at 60 °C in the original state and after storing at 60 °C. c) Long-term stability of P(MA-A+20)TFSI

− (with PFA) at RT
(40% RH) in the original state and after storing at 60 °C. (with PFA, Contact area: 3 × 3 cm2, Frequency: 3 Hz, Force: 20 N) d) Short-circuit current of
PMMA+10IL measured at RT (40% RH) in the original state and after storing at 60 °C. e) Short-circuit current of PMMA+10IL measured at 60 °C in its
original state and after storing at 60 °C. f) Long-term stability of PMMA+10IL (with PFA) at RT (40% RH) in the original state and after storing at 60 °C
(with PFA, Contact area: 3 × 3 cm2, Frequency: 3 Hz, Force: 20 N). Schematic representation of possible non-covalent interactions (g) in PEs system
and (h) in Polymer-ionic liquids systems.

increase. This systematic modulation of tribopolarity enhances
our understanding of the triboelectric series and contributes to
improved TENG performance. Furthermore, TOF-SIMS analysis
provides deeper insights into the fundamental mechanisms gov-
erning tribopolarity in PEs, particularly the role of mobile ions
in surface charge redistribution. These findings establish a solid
foundation for the rational design of next-generation triboma-
terials. Beyond their triboelectric properties, PEs exhibit excel-
lent mechanical and thermal stability under various stress condi-
tions, maintaining consistent performance even after prolonged
exposure to elevated temperatures and mechanical forces. With
their tunable tribopolarity, PEs offer a versatile and durable plat-
form for high-performance TENGs. This work paves the way for
advanced energy harvesting and sensing technologies, broaden-
ing the applicability of PE-based materials in sustainable energy
solutions.

4. Experimental Section
Materials: N,N-Dimethylformamide (DMF, 99.9%), dimethyl sulfox-

ide (DMSO, 99.5%), toluene (99.5%), methyl acrylate (MA), styrene
(S), and 2,2-azobisisobutyronitrile (AIBN) were purchased from
Daejung Chemicals. Poly(methyl methacrylate) (PMMA), 1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI])
and [2-(Acryloyloxy)ethyl]trimethylammonium chloride solution
was purchased from Sigma–Aldrich. 3-(acryloyloxy)propane-1-
sulfonate (2) was purchased from BLD Pharmatech Ltd. Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), 1-methylimidazole, sodium
4-vinylbenzene sulfonate (5), and 1-ethyl-3-methylimidazolium chloride
were purchased from TCI. Potassium 2-bromoethyl acrylate was pur-
chased from Angene. MA and S were used after purification to remove
inhibitors.

Synthesis of Monomers: P(MA-A+)TFSI− monomer ([2-(acrylo-
yloxy)ethyl]trimethylammonium bis(trifluoromethanesulfonyl)imide) (1):
A solution of [2-(acryloyloxy)ethyl]trimethylammonium chloride solution

Adv. Mater. 2025, 2505547 2505547 (9 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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(1 eq) and LiTFSI (1.5 eq) was prepared in DI water. The reaction mix-
ture was stirred overnight at RT. The crude product was extracted and
washed with DCM and DI water, respectively. The solution was dried over
anhydrous MgSO4 and the solvent was removed via a rotary evaporator.
After drying, a viscous transparent oil product was obtained. 1H NMR
(400 MHz, DMSO-d6): 6.37-5.91 (m, 3H, CH2═CH─), 4.51 (t, 2H,
─O─CH2─), 3.69 (t, 2H, ─O─CH2─CH2─N), 3.17 (s, 9H, ─N─(CH3)3).

P(MA-I+)TFSI− monomer (1-(2-acryloyloxyethyl)-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide) (3): compound 3 was synthesized by
modifying a previous research paper.[28] Under the N2 atmosphere, 2-
bromoethyl acrylate (1 eq) and 1-methylimidazole (1.2 eq) were dissolved
in MeCN and refluxed overnight. After the reaction, MeCN was removed
via a rotary evaporator. The intermediate was extracted from DI water and
washed by DCM. Then, LiTFSI (1 eq) was added to the extracted aque-
ous solution and stirred overnight at RT. The crude product was extracted
and washed with DCM and DI water, respectively. The solution was dried
over anhydrous MgSO4 and the solvent was removed via a rotary evapo-
rator. After drying, a yellowish transparent oil product was obtained. 1H
NMR (400 MHz, DMSO-d6): 9.13 (s, 1H, H2 (imidazole)), 7.79-7.71 (d,
2H, H4 H5 (imidazole)), 6.37-5.91 (m, 3H, CH2═CH─), 4.51-4.47 (m, 4H,
─O─CH2─CH2─N), 3.86 (s, 3H, N─CH3).

P(MA-S−)I+ monomer (1-ethyl-3-methylimidazolium 3-sulfopropyl
acrylate) (4): compound 4 was synthesized following the previous re-
search paper.[28] Potassium 3-(acryloyloxy)propane-1-sulfonate (1 eq) and
1-ethyl-3-methylimidazolium chloride (1.2 eq) were dissolved in MeCN.
The reaction mixture was stirred overnight at RT. The precipitated salt
(KCl) was filtered and the solvent was removed via a rotary evaporator.
The crude was redissolved in DCM and kept at < 0 °C overnight. The pre-
cipitated salt was filtered and the solvent was removed. A viscous yellow
transparent oil product was obtained. 1H NMR (400 MHz, DMSO-d6):
9.13 (s, 1H, H2 (imidazole)), 7.79-7.70 (d, 2H, H4 H5 (imidazole)), 6.37-
5.91 (m, 3H, CH2═CH─), 4.17 (m, 4H, ─O─CH2─, N─CH2─), 3.84 (s,
3H, N─CH3), 2.46 (t, 2H,─CH2─S), 1.89 (m, 2H,─O─CH2─CH2─), 1.41
(t, 3H, N─CH2─CH3).

Synthesis of Polymers—Homopolymers: Neutral monomers (MA
or S) and AIBN (0.5 mol%) were mixed for polymerization. The
solution was degassed by freeze-pump-thaw method and stirred
overnight at 70 °C. The crude product was precipitated into
methanol.

Synthesis of Polymers—PMA: 1H NMR (400MHz, DMSO-d6): 3.57 (s,
3H, ─O─CH3), 1.80-1.59 (m, 3H, ─CH2─CH─).

Synthesis of Polymers—PS: 1H NMR (400 MHz, DMSO-d6): 7.48-7.27
(m, 5H, ─CArH), 2.00-1.43 (m, 3H, ─CH2─CH─).

Synthesis of Polymers—Random Copolymers: Neutral monomers (MA
or S), ionmonomers (1, 2, 3, 4, or 5), and AIBN (0.5 mol%) were mixed for
polymerization. The solution was degassed by freeze-pump-thaw method
and stirred overnight at 70 °C.

Synthesis of Polymers—P(MA-A+5)TFSI
−: MA (0.95 eq) and 1 (0.05

eq) were used for polymerization. 1H NMR (400 MHz, DMSO-d6): 4.56-
4.42 (m, 4H (5%), ─O─CH2─CH2─N), 3.57 (s, 3H (95%), ─O─CH3),
3.14 (s, 9H (5%), ─N─(CH3)3), 2.32-2.18 (m, 3H (5%), ─CH2─CH─),
1.80-1.57 (m, 3H (95%), ─CH2─CH─).

Synthesis of Polymers—P(MA-A+10)TFSI
−: MA (0.9 eq) and 1 (0.1 eq)

were used for polymerization. 1H NMR (400 MHz, DMSO-d6): 4.56-4.42
(m, 4H (10%), ─O─CH2─CH2─N), 3.57 (s, 3H (90%), ─O─CH3), 3.14
(s, 9H (10%), ─N─(CH3)3), 2.32-2.18 (m, 3H (10%), ─CH2─CH─), 1.80-
1.57 (m, 3H (90%), ─CH2─CH─).

Synthesis of Polymers—P(MA-A+20)TFSI
−: MA (0.8 eq) and 1 (0.2 eq)

were used for polymerization. 1H NMR (400 MHz, DMSO-d6): 4.56-4.42
(m, 4H (20%), ─O─CH2─CH2─N), 3.57 (s, 3H (80%), ─O─CH3), 3.14
(s, 9H (20%), ─N─(CH3)3), 2.32-2.18 (m, 3H (20%), ─CH2─CH─), 1.80-
1.57 (m, 3H (80%), ─CH2─CH─).

Synthesis of Polymers—P(MA-A+30)TFSI
−: MA (0.7 eq) and 1 (0.3 eq)

were used for polymerization. 1H NMR (400 MHz, DMSO-d6): 4.56-4.42
(m, 4H (30%), ─O─CH2─CH2─N), 3.57 (s, 3H (70%), ─O─CH3), 3.14
(s, 9H (30%), ─N─(CH3)3), 2.32-2.18 (m, 3H (30%), ─CH2─CH─), 1.80-
1.57 (m, 3H (70%), ─CH2─CH─).

Synthesis of Polymers—P(MA-S−5)K
+: MA (0.95 eq) and 2 (0.05 eq)

were used for polymerization in cosolvent (DMF:H2O = 7:3, v:v). 1H
NMR (400 MHz, DMSO-d6): 4.03 (t, 2H (5%), ─O─CH2─), 3.57 (s, 3H
(95%), ─O─CH3), 2.43 (t, 2H (5%), ─CH2─S), 2.32-2.18 (m, 3H (5%),
─CH2─CH─), 1.85 (m, 2H (5%), ─O─CH2─CH2─), 1.80-1.57 (m, 3H
(95%), ─CH2─CH─).

Synthesis of Polymers—P(MA-S−10)K
+: MA (0.9 eq) and 2 (0.1 eq)

were used for polymerization in cosolvent (DMF:H2O = 7:3, v:v). 1H
NMR (400 MHz, DMSO-d6): 4.03 (t, 2H (10%), ─O─CH2─), 3.57 (s, 3H
(90%), ─O─CH3), 2.43 (t, 2H (10%), ─CH2─S), 2.32-2.18 (m, 3H (10%),
─CH2─CH─), 1.85 (m, 2H (10%), ─O─CH2─CH2─), 1.80-1.57 (m, 3H
(90%), ─CH2─CH─).

Synthesis of Polymers—P(MA-S−20)K
+: MA (0.8 eq) and 2 (0.2 eq)

were used for polymerization in cosolvent (DMF:H2O = 7:3, v:v). 1H
NMR (400 MHz, DMSO-d6): 4.03 (t, 2H (20%), ─O─CH2─), 3.57 (s, 3H
(80%), ─O─CH3), 2.43 (t, 2H (20%), ─CH2─S), 2.32-2.18 (m, 3H (20%),
─CH2─CH─), 1.85 (m, 2H (20%), ─O─CH2─CH2─), 1.80-1.57 (m, 3H
(80%), ─CH2─CH─).

Synthesis of Polymers—P(MA-S−30)K
+: MA (0.7 eq) and 2 (0.3 eq)

were used for polymerization in cosolvent (DMF:H2O = 7:3, v:v). 1H
NMR (400 MHz, DMSO-d6): 4.03 (t, 2H (30%), ─O─CH2─), 3.57 (s, 3H
(70%), ─O─CH3), 2.43 (t, 2H (30%), ─CH2─S), 2.32-2.18 (m, 3H (30%),
─CH2─CH─), 1.85 (m, 2H (30%), ─O─CH2─CH2─), 1.80-1.57 (m, 3H
(70%), ─CH2─CH─).

Synthesis of Polymers—P(MA-I+5)TFSI
−: MA (0.95 eq) and 3 (0.05 eq)

were used for polymerization. 1H NMR (400MHz, DMSO-d6): 9.09 (s, 1H
(5%), H2 (imidazole)), 7.71 (d, 2H (5%), H4 H5 (imidazole)), 4.48-4.35
(m, 4H (5%), ─O─CH2─CH2─N), 3.86 (s, 3H (5%), N─CH3), 3.57 (s, 3H
(95%),─O─CH3), 2.32-2.18 (m, 3H (5%),─CH2─CH─), 1.80-1.57 (m, 3H
(95%), ─CH2─CH─).

Synthesis of Polymers—P(MA-I+10)TFSI
−: MA (0.9 eq) and 3 (0.1 eq)

were used for polymerization. 1H NMR (400MHz, DMSO-d6): 9.09 (s, 1H
(10%), H2 (imidazole)), 7.71 (d, 2H (10%), H4 H5 (imidazole)), 4.48-4.35
(m, 4H (10%), ─O─CH2─CH2─N), 3.86 (s, 3H (10%), N─CH3), 3.57 (s,
3H (90%), ─O─CH3), 2.32-2.18 (m, 3H (10%), ─CH2─CH─), 1.80-1.57
(m, 3H (90%), ─CH2─CH─).

Synthesis of Polymers—P(MA-I+20)TFSI
−: MA (0.8 eq) and 3 (0.2 eq)

were used for polymerization. 1H NMR (400MHz, DMSO-d6): 9.09 (s, 1H
(20%), H2 (imidazole)), 7.71 (d, 2H (20%), H4 H5 (imidazole)), 4.48-4.35
(m, 4H (20%), ─O─CH2─CH2─N), 3.86 (s, 3H (20%), N─CH3), 3.57 (s,
3H (80%), ─O─CH3), 2.32-2.18 (m, 3H (20%), ─CH2─CH─), 1.80-1.57
(m, 3H (80%), ─CH2─CH─).

Synthesis of Polymers—P(MA-I+30)TFSI
−: MA (0.7 eq) and 3 (0.3 eq)

were used for polymerization. 1H NMR (400MHz, DMSO-d6): 9.09 (s, 1H
(30%), H2 (imidazole)), 7.71 (d, 2H (30%), H4 H5 (imidazole)), 4.48-4.35
(m, 4H (30%), ─O─CH2─CH2─N), 3.86 (s, 3H (30%), N─CH3), 3.57 (s,
3H (70%), ─O─CH3), 2.32-2.18 (m, 3H (30%), ─CH2─CH─), 1.80-1.57
(m, 3H (70%), ─CH2─CH─).

Synthesis of Polymers—P(MA-S−5)I
+: MA (0.95 eq) and 4 (0.05 eq)

were used for polymerization in DMF. 1H NMR (400 MHz, DMSO-d6):
9.13 (s, 1H (5%), H2 (imidazole)), 7.79-7.70 (d, 2H (5%), H4 H5 (imida-
zole)), 4.20-4.02 (m, 4H (5%), ─O─CH2─, N─CH2─), 3.85 (s, 3H (5%),
N─CH3), 3.57 (s, 3H (95%),─O─CH3), 2.46 (t, 2H (5%),─CH2─S), 2.32-
2.18 (m, 3H (5%), ─CH2─CH─), 1.84 (m, 2H (5%), ─O─CH2─CH2─),
1.80-1.57 (m, 3H (95%), ─CH2─CH─), 1.41 (t, 3H (5%), N─CH2─CH3).

Synthesis of Polymers—P(MA-S−10)I
+: MA (0.9 eq) and 4 (0.1 eq)

were used for polymerization in DMF. 1H NMR (400 MHz, DMSO-d6):
9.13 (s, 1H (10%), H2 (imidazole)), 7.79-7.70 (d, 2H (10%), H4 H5
(imidazole)), 4.20-4.02 (m, 4H (10%), ─O─CH2─, N─CH2─), 3.85 (s,
3H (10%), N─CH3), 3.57 (s, 3H (90%), ─O─CH3), 2.46 (t, 2H (10%),
─CH2─S), 2.32-2.18 (m, 3H (10%), ─CH2─CH─), 1.84 (m, 2H (10%),
─O─CH2─CH2─), 1.80-1.57 (m, 3H (90%), ─CH2─CH─), 1.41 (t, 3H
(10%), N─CH2─CH3).

Synthesis of Polymers—P(MA-S−20)I
+: MA (0.8 eq) and 4 (0.2 eq)

were used for polymerization in DMF. 1H NMR (400 MHz, DMSO-d6):
9.13 (s, 1H (20%), H2 (imidazole)), 7.79-7.70 (d, 2H (20%), H4 H5
(imidazole)), 4.20-4.02 (m, 4H (20%), ─O─CH2─, N─CH2─), 3.85 (s,
3H (20%), N─CH3), 3.57 (s, 3H (80%), ─O─CH3), 2.46 (t, 2H (20%),

Adv. Mater. 2025, 2505547 2505547 (10 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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─CH2─S), 2.32-2.18 (m, 3H (20%), ─CH2─CH─), 1.84 (m, 2H (20%),
─O─CH2─CH2─), 1.80-1.57 (m, 3H (80%), ─CH2─CH─), 1.41 (t, 3H
(20%), N─CH2─CH3).

Synthesis of Polymers—P(MA-S−30)I
+: MA (0.7 eq) and 4 (0.3 eq)

were used for polymerization in DMF. 1H NMR (400 MHz, DMSO-d6):
9.13 (s, 1H (30%), H2 (imidazole)), 7.79-7.70 (d, 2H (30%), H4 H5
(imidazole)), 4.20-4.02 (m, 4H (30%), ─O─CH2─, N─CH2─), 3.85 (s,
3H (30%), N─CH3), 3.57 (s, 3H (70%), ─O─CH3), 2.46 (t, 2H (30%),
─CH2─S), 2.32-2.18 (m, 3H (30%), ─CH2─CH─), 1.84 (m, 2H (30%),
─O─CH2─CH2─), 1.80-1.57 (m, 3H (70%), ─CH2─CH─), 1.41 (t, 3H
(30%), N─CH2─CH3).

Synthesis of Polymers—P(S-S−5)Na
+: S (0.95 eq) and 5 (0.05 eq) were

used for polymerization in DI water. Elem. Anal. Calcd: C, 88.67; H, 7.43;
S, 1.48; O, 2.21%. Found: C, 86.45; H, 7.32; S, 1.26; O, 2.58%.

Synthesis of Polymers—P(S-S−10)Na
+: S (0.9 eq) and 5 (0.1 eq) were

used for polymerization in DI water. Elem. Anal. Calcd: C, 85.56; H, 7.13;
S, 2.85; O, 4.26%. Found: C, 81.46; H, 7.01; S, 2.52; O, 4.55%.

Synthesis of Polymers—P(S-S−20)Na
+: S (0.8 eq) and 5 (0.2 eq) were

used for polymerization in DI water. Elem. Anal. Calcd: C, 79.95; H, 6.58;
S, 5.32; O, 7.97%. Found: C, 74.16; H, 6.50; S, 4.88; O, 7.66%.

Synthesis of Polymers—P(S-S−30)Na
+: S (0.7 eq) and 5 (0.3 eq) were

used for polymerization in DI water. Elem. Anal. Calcd: C, 75.02; H, 6.09;
S, 7.49; O, 11.21%. Found: C, 65.34; H, 5.73; S, 7.43; O, 11.15%.

Preparation of PE solutions: P(MA-A+)TFSI− was dissolved in DMF to
a concentration of 10 wt%.

P(MA-S−)K+ was dissolved in DI water/DMF (5% and 10%: 3/7, w/w
ratio, 20%: 3.5/6.5, w/w ratio, and 30%: 4/6, w/w ratio) and the concen-
tration of the solution was fixed to 10 wt%.

P(MA-I+)TFSI− was dissolved in DMSO to a concentration of 10 wt%.
P(MA-S−)I+ was dissolved in DMF to a concentration of 10 wt%.
P(S-S−)Na+ was dissolved in DMSO/Toluene (1/1, w/w ratio) and the

concentration of the solution was fixed at 10 wt%.
Fabrication of PE-Based TENG: The 500 μL of PE solution was poured

onto an indiumtin oxide (ITO)-coated polyethylene terephthalate (PET)
(130 μm) substrate, followed by drying in an oven at 80 °C for 12 h to
fully remove the residual solvent. The PE layer and triboelectric counter
layer (nylon, PET, PI, PFA) were fabricated into a double electrode mode
TENG.

Characterizations: 1H NMR (Bruker, AVANCE III 400 MHz) spectra
were acquired with DMSO-d6 as the solvent and tetramethylsilane (TMS)
as the internal standard. The compositions of PS-based polyanions were
determined by elemental analysis with a Thermo Scientific Flash 2000 Se-
ries instrument. The output characteristics of the TENG were measured
using a system electrometer (Keithley 6514). The applied force during the
TENG measurements was controlled using a Z-axis stage and monitored
with a force sensor (DYTRAN 4110c), which was calibrated to ensure ac-
curate force measurement. The dielectric constant and conductivity were
measured using an LCR meter (HIOKI, IM3533-01). The surface potential
was measured by atomic force microscopy (AFM) (Park Systems, XE7).
The chemical characterization of the surface was performed using by time-
of-flight secondary ion mass spectrometry (TOF-SIMS) (IONTOF, TOF-
SIMS 5–100). The mechanical properties of the polymers were measured
using a rheometer (Anton Paar MCR 92).
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