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Quantifying Electron and lon Transfers in Contact

Electrification with lonomers

Xiaoting Ma, Jiaming Zhou, Eunjong Kim, Jingyi Gao, Wenyi Hu, and Dong-Myeong Shin*

Electrostatic charging derived from charge transfer throughout friction is
commonplace, but understanding the charge species transferred still remains
a debated and contradictory issue. The electron has been widely believed to be
the dominant charge carrier for contact electrification between solids, liquids,
and gases. However, emerging evidence points to the trait that mobile ions can
also contribute to the process, making it more complicated to elucidate even in
solid—solid contact electrification. Here, it is demonstrated that electrons and
ions concurrently play a role in solid contact-electrification of solid-ionomer
pairs, and their contribution differs with environmental humidity levels. The re-
sults show that ionic charge transfer can improve contact electrification at high
humidity levels of >50% RH. Moreover, adding ions to a non-ionic polymer
surface can make contact electrification more resistant to humidity. Overall,
the findings highlight the significant role of concurrent electron and mobile
ions in contact electrification, although only less than 2% of ions participate
in the ion transfer, which can lead to new and improved technologies for elec-
trophotography, electrospraying, energy harvesting, and self-powered sensing.

unresolved issue.['l The obvious suspects
of charge species have been electrons, 2022
ions, 2>l and material fragments.[28-3* Al-
though some studies insisted that the elec-
tron would be a dominant charge carrier for
contact electrification between solids, lig-
uids, and gases,[2%3>3¢] the contact electri-
fication between polymeric materials fur-
ther complicates the situation. In some pre-
vious studies, electrolytic polymers have
been found to be transmuted into either
charge donors or acceptors through sim-
ple ion doping.’738] After contact electri-
fication, the polarity of ionomers on the
surface has been determined by the teth-
ered ion species within polymers.[2+3940]
Furthermore, even in the absence of em-
bedded ions, the adsorption of water on
the surface has been shown to engender

1. Introduction

Contact electrification, which is electrostatic charging induced
by friction, has been ubiquitous and widespread ever since the
first documentation in 360 BC,[!! and this phenomenon has been
successfully implemented into a broad range of technical appli-
cations, including but not limited to electrophotography,!?]
electrospraying,>#l  electrostatic ~ separation,’]  chemical
systems(®’] and energy conversion.®'®! However, scientific
understanding of contact electrification remains relatively in the
pioneer stage; in particular, one of the main open questions on
what charge species are transferred is still a long-standing and
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forming water ions, serving as a charge
carrier in contact electrification.*!) Recent
findings highlighting the significance of
material fragment transfer3132] have intensified the ongoing
debate, suggesting that electron transfer may not be the pri-
mary mechanism responsible for contact electrification. These
pieces of evidence make it difficult to predict the contact elec-
trification by the dominant charge carrier (i.e., electron) transfer
alone, as is commonly assumed when establishing triboelectric
series.[*>43] Recently, it has been confirmed that ions play a sig-
nificant role in the solid-liquid contact electrification process,[*!]
but no research has quantitatively investigated the contribu-
tions of electrons and ions in solid—solid systems. Herein, we
show that electrons and ions carry the charge simultaneously in
contact-electrification of solid-ionomer pairs, in which ion trans-
port is sophisticatedly regulated by anchoring one of the ion
species. Both single and multiple friction results indicate that
ionic charge transfer is boosted by atmospheric humidity, allow-
ing for significantly enhanced contact electrification at high rel-
ative humidity. Moreover, the desired ion implementation onto
a non-ionic polymer surface renders the contact electrification
of solid/non-ionic polymers more humidity-resistive. Overall,
our result points to the significant role of concurrent electrons
and mobile ions at the molecular level in the contact electrifi-
cation process, which can potentially be applicable to design-
ing and optimizing contact electrification for electrophotography,
electrospraying, energy harvesting, and self-powered sensing
applications.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Dual charge carriers in ionomer-solid contact electrification. a), Schematic illustration of charge carriers in ionomers and non-ionic polymer
in contact with FEP counter material; electron, anion, and material fragments (cationic polymer, FAA-3), electron and material fragments (non-ionic
polymer, nylon 66), and electron, cation, material fragments (anionic polymer, Nafion 211). b), Surface charge retention on FEP rubbed by cationic,
non-ionic, and anionic polymers as a function of time at different temperatures (120, 160, and 200 °C). c), Bromide anion transfer into FEP surface after

contacting with the cationic polymer confirmed by ToF-SIMS spectrum.

2. Results and Discussion

2.1. Dual Charge Carriers in Solid Contact Electrification

Anionic (Nafion 211) and cationic (FAA-3) polymers em-
brace physically tethered anions (sulfonate groups) and cations
(trimethylammonium groups) into the polymer frameworks, re-
spectively, imposing selective counterion mobility within the
polymers (Figure 1a; Figure S1, Supporting Information). In ad-
dition to the electron and material fragment carriers, mobile ions
are able to serve as additional charge carriers at the surface of
ionomers during solid contact electrification, so that the electri-
fication in ionomers would be made by electron, material frag-
ment, and ion carriers. As models for multiple charge carrier
systems in solid contact electrification, we chose to employ com-
mercially available Nafion 211 (electron and cation), FAA-3 (elec-
tron and anion), and nylon 66 (electron, as control) films. Al-
though we use the as-purchased polymeric films, the surface of
all polymer films would be supposedly charged by friction over
the course of fabrication, transportation, and storage, resulting
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in being precharged ~200 uC m~* (Figure S2a, Supporting Infor-
mation). Prior to all measurements, the precharged surfaces of
all samples were first neutralized with a polar solvent (ethanol)
three times, followed by mild annealing at 80 °C overnight. The
pretreatment facilitated the dramatic surface discharging down
to 0.3 uC m~2 (Figure S2b, Supporting Information), which was
small enough to guarantee reliability in subsequent experiments.

All polymeric materials were brought into contact with a fluo-
rinated ethylene propylene (FEP) film as a counter-friction mate-
rial at room temperature and 50% relative humidity (RH), and
then the charge densities of 100.2, —51.9, and —31.3 uC m=2
on FEP surfaces were achieved in contact with anionic, cationic,
and non-ionic films, respectively (Figure S3, Supporting Infor-
mation). The charged FEP films were heated up to the desired
temperature in the oven, followed by cooling down to room tem-
perature to determine the remaining surface charge (see Figure
S4, Supporting Information for detailed procedure). Figure 1b
represents the trace surface charges on FEP film in contact with
anionic polymer after annealing at 120, 160, and 200 °C, reveal-
ing that the remaining charge density decayed rapidly at higher
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Table 1. Surface charge densities induced on FEP surface by ionomers and
non-ionic polymer as well as the net electron and ion charge densisties
determined at different thermionic emission temperatures.

Polymers Temperature (°C) o, (MC M%) o, (MCmM™2) o, (WCm2)
Anionic polymer 120 100.2 57.3 42.9
(57.2%) (42.8%)
160 100.2 57.2 42.9
(57.1%) (42.8%)
200 100.2 58.0 422
(57.9%) (42.1%)
Cationic polymer 160 =51.9 -18.3 -335
(35.3%) (64.5%)
Non-ionic polymer 160 -313 -29.8 —-0.6
(95.1%) (1.9%)

04, 0. and o indicate the total surface charge densities on FEP, surface charge den-
sity mediated by electrons and surface charge density mediated by sticky charges,
respectively.

temperatures and then was saturated at ~42% regardless of an-
nealing temperature. Similarly, the decay curve for surface charge
on FEP film charged by cationic polymer was saturated at ~65%.
In contrast, the FEP film charged by non-ionic polymer was
found to show the continuous exponential decay of the surface
charge curve after annealing at 160 °C. In order to decouple the
contribution of each charge carrier, all decay curves of surface
charge (o (t)) were further fitted by the electron thermionic emis-
sion model.[2044+47]

o(t)=e"0,+o0, 1)

where o, and o indicate the surface charge densities mediated by
electrons and sticky charges, respectively, while t denotes the de-
cay time. The sticky surface charges of FEP films in contact with
anionic and cationic polymers have been shown to be ~42 and -34
uC m~2, respectively (Table 1), quantitatively confirming the exis-
tence of additional charge carriers during solid contact electrifi-
cation. However, the sticky charge on FEP films charged by non-
ionic polymer is substantially lower (-0.6 uC m=2), implying that
the electron acts as essentially the only charge carrier. Further cor-
roboration of other charge carrier engagement was obtained by
the appearance of the characteristic bromine peaks at 78.92 and
80.92 amu on FEP film charged by the cationic polymer in time
of flight secondary ion mass spectra (ToF-SIMS (Figure 1c), ver-
ifying the mobile ion transfer in solid contact electrification. We
performed the quantitative analysis of ToF-SIMS signals to de-
termine the amount of boron transferred from FAA on the FEP
surface after multiple contact/separation processes. The atomic
concentration (c) ratio of interest species to internal reference is
a function of the relative sensitivity factor (RSF) and the intensity
(I) of the secondary ion signal, as described in Equation (2).[*]

C./C, = (RSF/RSF,) (1/1,) @

where the subscripts i and r depict interest species and internal
reference, respectively. We chose the fluorine atom as the inter-
nal reference, and the signal intensities of fluorine derivatives
are presented in Table 2. The RSF values of Br and F are very
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similar,’®! we set RSF,/RSF, = 1 in this study. The concentra-
tion ratio was accordingly determined to be c;/c, = 2.52 x 107,
Assuming ToF-SIMS exhibits the depth resolution of 1 nm from
the surface,®! we extracted the fluorine density in FEP from the
molecular dynamics (MD) simulation; the F density is set to be
5.54 x 10'® atoms m~2, and the Br density on FEP surface has
been found to be 1.40 x 10 atoms m~2. Then, the correspond-
ing charge density is —2.23 x 10~ C m~2, which is comparable
to the measured ionic charge density of —3.34 x 107> C m~2, sug-
gesting that our method to quantify the ionic charge contribution
is reasonable.

We analyzed the Nafion 211 and FAA-3 films using variable-
temperature impedance spectroscopy to investigate the ener-
getics of mobile ion conduction (Figure S5, Supporting Infor-
mation), and the films show activation energies of 1.07 and
0.81 eV, respectively. Given that the potential barrier of electron
thermionic emission was reported to be in the range of 0.3—
0.8 eV,[20°254] the energy barrier for ion conduction is substan-
tially higher compared to that of electrons. These results corrob-
orate the underlying assumption in our method, which is that

Table 2. The intensity of fluorine derivatives and boron in the ToF-SIMS
spectrum.

Negative ions

Derivatives Intensity
F 6346950
F, 259594
CF, 349502
C,F; 30071
C,Fs 156551
C5Fs 45587
C,;F, 101007
C,F; 20198
Negative F total 7309460
Br 702
Positive ions

Derivatives Intensity
CFO 2903
CF, 385008
CF; 7274252
C,F, 191422
C;F; 2380210
C,F, 2366557
C,F, 701753
C,Fs 228002
C,Fs 5195832
C4Fs 330313
GF 880144
C,F; 701753
CsF, 230834
Positive F total 20546890
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Figure 2. Single contact electrification of ionomers at variable relative humidities. Surface charge retention on FEP contacted with anionic (a) and cationic
(b) polymers as a function of time after thermionic emission at 200 and 160 °C, respectively. Each sample was exposed to differing relative humidities
in contact electrification. c), Mean surface potential of anionic and cationic polymers at different relative humidities. Data was taken from Figure S9.
Computed water and mobile ions distribution within anionic (d) and cationic (e) polymers in the out-of-plane direction. The polymers were exposed to
varying relative humidities by tuning the number of water molecules, which was estimated from moisture uptake results in Figure S7.

electrons are quickly emitted from the solid surface as induced by
thermionic emission, while ions are rather hard to dissipate from
the surface than electrons due to greater binding to atoms on
the surface. Moreover, the absence of ammonium and sulfonate
derivatives (tethered cationic and anionic groups in ionomers,
respectively) on contact-electrified FEP films after 100 cycles of
contact-separation helps to exclude the material transfer in the
process of contact electrification (Figures S6 and S7, Supporting
Information, respectively), which indicates that additional charge
carriers would likely be the mobile ions in the solid contact elec-
trification. The surface roughness of polymers — pristine, follow-
ing a single contact at 9.8 N, and after 20 successive contacts at
9.8 N — was thoroughly characterized utilizing an atomic force
microscope (as depicted in Figure S8, Supporting Information).
Upon observation, it was discovered that the surface roughness of
unprocessed ionomers and their counter-contact polymers coun-
terpart exhibited negligible variance, with the roughness main-
taining a consistent pattern even after 20 contact instances. The
findings suggest that the inherent smoothness of the surfaces po-
tentially minimizes friction between polymers, providing a plau-
sible explanation for the lack of material transfer observed in our
ToF-SIMs results. Given that the inherent surface ionic charge
densities of anionic and cationic polymers are estimated to be
2.27 and —1.99 mC m™ (the detailed calculation can be found
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in Supporting Information), respectively, the transferred cations
and anions correspond to 1.9 and 1.7% of the initial charges in
anionic and cationic polymers.

2.2. Single Contact Electrification at Variable Relative Humidities

The pendant ionic groups endow ionomers with a hygroscopic
nature (Figure S9, Supporting Information), and the hydration of
mobile ions derived by moisture uptake determines the ion dif-
fusion across the interface; therefore, atmospheric humidity is a
critical factor in determining the ionic transfer contribution to
solid contact electrification. We sought to delve into ionic tribo-
electrification on ionomers at differing relative humidities, and
the thermionic emission plots of FEP films charged by anionic
and cationic polymers in the RH range of 10% to 80% were pre-
sented in Figure 2a,b, respectively. An ionic triboelectrification
contributions of 35.6 and 41.3% were achieved at 20% RH, and
increasing RH gave rise to the ionic contribution to rise up to
the highest values of 64.2 and 76.5% at 80% RH for anionic and
cationic polymers, respectively (Figure S10, Supporting Informa-
tion). We attribute humidity-dependent ionic triboelectrification
to the greater tendency of mobile ions to dissociate from teth-
ered ionic groups upon hydration at higher RHs, facilitating ion
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diffusion through the water bridges formed between two sur-
faces. We also prepared the Nafion 211 with lithium cations and
FAA-3 with chloride anions using ion exchange, and we charac-
terized their sticky charge after a single contact with FEP film
as a function of relative humidity. The ion-exchanged analogous
exhibited a significant inter-material ion contribution with a sim-
ilar trend as a function of relative humidity (Figure S11, Support-
ing Information). We note that the inter-material ion transfer re-
mains similar regardless of the ion species involved as the ion
transfer is limited given that the ions can be coordinated with
up to ~3—-4 water molecules only even at 80% RH (Figure S9,
Supporting Information). We note that the presence of surface
water may alter the adhesion on polymeric surfaces, likely re-
sulting in the accumulation of adsorbates!® or the heterolytic
covalent bond cleavage during the material separation.[>®) How-
ever, in this study, we reset charging acquired during a sample’s
history by cleaning and baking before the experiments (Figure
S2, Supporting Information), and we found no clear evidence of
tethered ionic group derivatives transferred to the counter ma-
terial (Figures S6 and S7, Supporting Information), which to-
gether makes us rule out the implication of adsorbates and mate-
rial transfer over the course of contact electrification. Quantifying
such charge carrier contributions in our studies points to the clue
that the predominant charge carrier can be altered by the ambi-
ent conditions, suggesting that we may customize the materials
with a different design rule in order to optimize contact electri-
fication based on the specific working environment. To investi-
gate the presence of surface mobile ions on the ionomers, we
scanned the surface potential of the ionomers at differing RHs
using Kelvin probe force microscopy. The mean surface poten-
tial of anionic polymer exposed to each RH for 30 min increased
with elevated RH whereas an increased RH leads to a decrease in
the mean surface potential of cationic polymer (Figure 2c; Figure
S12, Supporting Information), revealing that more mobile ions
are engendered on the surface of ionomers with increasing hu-
midity due to more significant solvating effect.

The binding energies of mobile cations and anions to
ionomers at differing RHs were calculated using density func-
tional theory. Protons have been found to strongly coordinate
with anionic polymers in the absence of water (binding energy
of 315.1 kcal mol™?), but the introduction of water in the vicin-
ity of anionic polymer significantly lowers the binding energy
down to 115.0 kcal mol™', as shown in Figure S13 (Supporting
Information). The binding energy of Br™ anions to cationic poly-
mers also becomes lower against increasing humidity, length-
ening the anions-polymers pair distance. MD simulations were
employed to gain further insight into the mobile cations and
anions environments at the interface, and the results are pre-
sented in Figure 2d,e. When exposed to the relevant humidity,
the hygroscopic ionomers were hydrated and the enhanced seg-
mental mobility of ionic groups facilitated the gap of some por-
tions to reduce below 2 A. The water concentration profile (left
in Figure 2d,e) revealed that the water absorbed was significantly
localized at the surface gaps (18-33%) for differing humidities,
helping to build the continuous water channels (Movie S1 and
Figure S14, Supporting Information). Such channels apparently
enable the mobile ions to diffuse onto the surface of the FEP sur-
face; indeed, the ion concentration profiles (right in Figure 2d,e)
shifted down ~1-3 A toward the counter material in the pres-
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ence of atmospheric moisture so that the ions were able to reach
the surface of FEP by diffusion driven by concentration gradi-
ent. The diffusion coefficient toward the out-of-plane (D,) direc-
tion has been shown to elevate with increasing relative humid-
ity (Figure S15, Supporting Information); a low relative humidity
(20% RH) resulted in the low out-of-plane relative diffusions of
0.45 and 0.27 A? ns~! for the anionic and cationic polymers, re-
spectively, and these values reached up to 1.6 and 1.7 A2 ns~! for
the anionic and cationic polymers at high relative humidity, re-
spectively. A combination of simulation studies implies that the
confined water molecules between polymers in the presence of
atmospheric moisture form the water channels, facilitating ion
diffusion across the interface.

Our single friction results in Figure 2 suggest that both the
electron and ion transfers on the ionomer surface occur simul-
taneously at the single friction. The amount of electron trans-
fer in each friction is supposed to relate to the difference in
the occupied energy levels of electrons in the electron cloud
model,!* while the ion transfer would likely be dictated by mo-
bile ion concentration gradient. The ionomers include both the
ionic and non-ionic groups structurally (see Figure S1, Support-
ing Information) so that both groups are subject to contact with
counter-contact materials simultaneously. Such a distinct nature
in ionomer leads to concurrent electron and ion transfers even
at the single friction, which is apart from the solid-liquid con-
tact electrification where electron transfer at the very first contact
yields the charged solid surface, and then the charge carried by
ions becomes dominant from the second contact.*”)

2.3. Contact Electrification upon Multifriction

Along with the contact electrification derived by the single fric-
tion, the charge transfer behaviors upon multifriction must be
considered for the practical applications of contact electrification.
Regardless of the nature of the charge transfer, the charges trans-
ferred on the counter material surface are expected to reach sat-
uration upon multifriction as both the occupied energy levels
of electrons and mobile ion concentration would be equalized
eventually. The surface charge densities of FEPs contacted with
ionomers and non-ionic polymer over the cycles of friction at 20%
RH are shown in Figure 3a, and there is an obvious saturation
process of the surface charge density for all systems. We adopted
an empirical model to fit our experimental results, as described

in Equation (3):1%]

0 = 0yexp (—nﬁo)+om{l—exp(—nio>} (3)

where ¢, and o, are the surface charge densities before tribo-
electrification and after infinite multifriction, respectively. The n
and n, denote the number of friction and the charge saturation
constant, respectively. The experimental results fit very well with
the model, and the constants extracted from the fitting are pre-
sented in Table 3. Interestingly, n, becomes substantially greater
when ion transfer gets involved, which we attribute to the rel-
atively stronger binding of the ions than the electrons on the
ionomer surface, leading to delayed saturation.

Next, we investigated the saturated surface charge densities of
FEPs in contact with ionomers and non-ionic polymers exposed
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Figure 3. Multifriction electrification in ionomers. a), Surface charge densities on FEP layer in contact with non-ionic, anionic, and cationic polymers
over the course of compression/release cycles. b), Saturated surface charge densities on FEP layers charged by non-ionic, anionic, and cationic polymers
as a function of relative humidity. c), Relative out-of-plane diffusion of protons and bromide anions in anionic and cationic polymers. d), Schematic of a
plausible scenario for mobile ion migration on the surface of ionomers at high humidities. The improved in-plane diffusion of protons at high humidities
may result in charge recombination while the bromide anion diffusion still remains anisotropic.

to varying relative humidities (Figure 3b). The surface charge
density of FEP in contact with non-ionic polymers becomes less
with increasing relative humidity, which is likely due in large part
to the electron charge screening by the adsorbed water molecules
on the surface. In sharp contrast, as for FEP contacted with the
ionomers, the saturated surface charge density is substantially
elevated with increasing relative humidity; the surface charge
density of FEP contacted with the cationic polymer is —28.1 pC
cm~2 at 10% RH, increasing to —70.6 pC cm~2 with 80% RH,
whereas the FEP rubbed with the anionic polymer exhibits the
maximum value of 100.2 uC cm™2 at 50% RH. We attribute the
surface charge enhancement at high humidities to the boosted
ion charge contribution together with the spurred mobile ion dif-

Table 3. Surface charge densities and charge saturation constants of FEP
surface electrificated by ionomers and non-ionic polymers.

Polymers oo (LC m~2) ny [
(HCm2)
Non-ionic polymer (Nylon 66) —43.2+15 —34.7+0.2 —59.9+0.1
Anionic polymer (Nafion 211) 27.6+0.3 6.4+0.9 342403
Cationic polymer (FAA-3) —34.7+0.2 9.7+3.9 —37.6+0.6

6% and o™ are the surface charge densities before triboelectrification and after infinite
multifriction, respectively. n® denotes the the charge saturation constant.
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fusion. It is noteworthy that the relative out-of-plane anion dif-
fusion (D,/Dy) in cationic polymer, which is defined as dif-
fusion toward the out-of-plane (D,) direction normalized by all
directions, has been shown to gradually elevate with increasing
relative humidity (Figure 3c), but the relative cation diffusion of
anionic polymer has been found to reach the maximum value at
50% RH. These relative diffusion behaviors suggest that the in-
plane cation diffusion throughout the anionic polymer surface
induces charge carrier recombination, slightly lowering the satu-
rated surface charge density at over 50% RH (Figure 3d).

2.4. Output Performance in Triboelectric Nanogenerator Devices

We investigated the practical performance of ionomers as contact
electrification layers in the triboelectric nanogenerator (TENG)
devices featuring an ionomer layer on the Cu electrode sepa-
rated by a 20 mm gap with an FEP layer on the Cu electrode.
The voltage outputs obtained with relative humidity swings be-
tween 50% and 80% are shown in Figure 4a—c. The TENG with
an FEP/nylon 66 (non-ionic polymer) combination exhibits a de-
crease of 79.9% in output voltage at high humidity (Figure 4a),
while the attenuation of the output voltage is reduced to 53.2%
in TENG with an FEP/Nafion 211 (anionic polymer) combina-
tion (Figure 4b). In particular, the output voltage even increases
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Figure 4. Functionality of ionomers in triboelectric nanogenerators. The voltage outputs arisen from TENGs featuring nylon 66 (a, non-ionic polymer),
Nafion 211 (b, anionic polymer), and FAA-3 (c, cationic polymer) contact electrification layers at variable relative humidities from 50 to 80%. d, The
snapshots of 78 LEDs lit by TENGs at 50 and 80% RHs. e, Schematic of additional ion injection onto polymer surface using oxygen plasma treatment,
facilitating to the formation of hydroxyl and carboxyl groups together with excessive superoxide ions on the non-ionic polymer surfaces. Output voltage
(f) and current (g) retentions compared to 10% RH of TENGs comprising FEP/nylon 66, treated FEP/nylon 66, and FEP/treated nylon 66 pairs as a

function of relative humidity.

up to 128% with an FEP/FAA-3 triboelectrification layer in TENG
(Figure 4c). Electrical energy collected by the periodic compress-
release motions was utilized either to power the 78 light-emitting
diode (LED) arrays (Figure 4d) or to charge a 10 pF capacitor
(Figure S16, Supporting Information). To quantify the brightness
of the LED arrays, we employed a custom-built LED analysis ap-
plication where the 8-bit RGB color components are extracted
from the snapshots of videos taken by the mobile phone, and
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the perceived brightness (PB) of each LED was calculated by the
equation:>®!

PB = V/0.299R? + 0.587G? + 0.114B2 (4)
where R, G, and B are the values of RGB color components in

scales 0-255, respectively. The average PB of LEDs powered by
the TENG with the FEP/nylon 66 significantly decreases from
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71.3 to 23.1 (-67.6%) with increasing RH from 50% to 80%,
while the TENG comprising the FEP/FAA-3 shows remarkably
the increase in average PB of LEDs from 91.1 to 125.1 (-37.3%)
with elevating RH (Figure S17, Supporting Information). Im-
pressively, the TENGs with the ionomer contact electrification
layer stably delivered the power even in high humidity. It is im-
portant to note that ionic triboelectrification compensates for
electron charge screen in higher RHs even if there is a clear
tradeoft between electron charge transfer and relative humid-
ity, demonstrating that ionic charge transfer renders the solid—
solid contact electrification the humidity-resistive. Long-term sta-
bility of ionomer-featured TENG was performed over the 2000
compression-release cycles at 80% RH, as shown in Figure S18
(Supporting Information), indicating the sustainability of ionic
triboelectrification.

Beyond the ionomers in which the mobile ions get inherently
involved during contact electrification, the addition of mobile
ions on the polymer surface may empower the non-ionic poly-
mers to possess strong resistance to higher RHs. We sought to
introduce excess anions on the polymer surface using oxygen
plasma treatment as portrayed in Figure 4e. Both FEP and ny-
lon 66 films were treated with oxygen plasma for 2 min with a
power of 180 W, engendering hydroxyl and carboxyl groups to-
gether with excessive superoxide ions on the polymer surface.
We constructed the TENGs featuring pristine FEP/pristine ny-
lon 66, treated FEP/pristine nylon 66, or pristine FEP/treated
nylon 66 pairs. Given that nylon 66 is an electron donor com-
pared to FEP in the triboelectric series,*®! the electron and ion
charge transfers will be desynchronized and synchronized in the
treated FEP/pristine nylon 66, or pristine FEP/treated nylon 66
pairs, respectively (Figure S19, Supporting Information). When
implementing the synchronized charge transfer, ~55% and 60%
of the voltage and current outputs are retained at 80% RH, re-
spectively, whilst most of the outputs are dramatically diminished
when employing the desynchronized charge transfer (Figure 4f
and 4g). The decay curves of surface charge over the time after
annealing at 160 °C display that ion charges on the FEP sides
after the contact electrification between pristine FEP/nylon 66,
treated FEP/pristine nylon 66, and pristine FEP/treated nylon 66
pairs are 1.9, 6.9, and 41.6% of total surface charge (Figure S20,
Supporting Information), respectively, suggesting that the oxy-
gen plasma treatment is able to afford ion transport in solid—
solid contact electrification. To check the formation of superox-
ide ions, hydroxyl, and carboxyl groups on plasma-treated poly-
mers, ToF-SIMS was used to characterize the polymer surface af-
ter O, plasma treatment. The bismuth primary ion source was
employed for the measurement, helping to rule out the oxy-
gen contamination of the polymer surface from the primary ion
source. After plasma treatment, we can obviously observe the dis-
tinct peaks of superoxide ions (Figure S21a—c, Supporting In-
formation), hydroxyl groups (Figure S21d—f, Supporting Infor-
mation), and carboxyl groups (Figure S21g—i, Supporting Infor-
mation), supporting the formation of such ions and functional
groups. We note that decorating additional electron-withdrawing
or -donating groups on the polymer surface may be able to
alter the electron transfer, and resultingly improve the overall
charge transfer. Therefore, we measured the portion of the sticky
charge on the surface charge after synchronized charge transfer
occurred (Figure S22, Supporting Information). We clearly ob-
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served that the sticky charge contribution was 3.3% at 10% RH,
and the ionic contribution rose to the highest value of 30.1% at
80% RH as RH increased, indicating that inter-material ion trans-
fer has been found in O, plasma-treated polymers.

Indeed, our device demonstration with the ion-introduced
polymers represents a proof-of-concept of the fact that the ion in-
jection on the polymer surface in tandem with the synchronized
electron and ion charge transfer gives rise to humidity resis-
tance, indicating further room for output optimization of our ap-
proach to developing humidity-independent triboelectrification.
The synchronized transfer can also be demonstrated in a dual
ion charge carrier system with an FEP/marinated electrolyte pair
(Figure S23a, Supporting Information). All charge species are ex-
pected to move in the same direction, but the lithium transfer-
ence number, representing the fraction of the current carried by
the lithium cation, of polyvinyl alcohol (PVA) film with 1 M LiCl
indicates that the chloride anions move at least four times faster
than lithium cations (Figure S23b, Supporting Information) so
that the dominant ionic charge transfer would occur by anions.
As the synchronized charge transfer is happening, the surface
charge density on FEP film dramatically increases as a function
of RH (Figure S23c, Supporting Information), especially greater
than 40% RH, supporting that the synchronized mechanism oc-
curs for dual ion charge carrier systems.

Apart from inter-material ionic charge transfer, the ionic
charge retaining is necessary to be taken into account to boost
the contact electrification performance effectively. We exerted
hydrophilic nylon and PVA films as counter-contact material
(Figure S24a, Supporting Information), in which the thin water
layer is supposed to be formed on the film surface when exposed
to the ambient air,/®”) leading to charge dissipations through ion
diffusion laterally and vertically on the film surface. Indeed, sig-
nificant degradation in surface charge has been found as a func-
tion of RH even though the synchronized mechanism occurs
(open symbols in Figure S24b,c, Supporting Information), and
blocking such ion diffusion with the help of hydrophobic sur-
face functionalization (Figure S24d, Supporting Information) re-
markably improves surface charge retention at high relative hu-
midities, especially for nylon (solid symbols in Figure S24b,c,
Supporting Information), corroborating that control over ion dif-
fusion on the polymer surface after inter-material ion transfer is
a critical factor in optimizing the contact electrification.

3. Conclusion

In summary, we have reported the concurrent existence of both
electron and ion transfers in solid-ionomer contact electrifica-
tion, in which the transfer of non-dominant charge species has
been generally overlooked in triboelectric society. Thermionic
emissions of the surface charge, together with surface imag-
ing mass spectroscopy, reveal that significant ion transfer is en-
gaged in solid-ionomer contact electrification. The contribution
of ionic triboelectrification increases with relative humidity, and
this trait is especially advantageous given that the tradeoff be-
tween electron charge transfer and relative humidity dramat-
ically diminishes the triboelectric performance, rendering the
solid-ionomer contact electrification the humidity resistive. Ion
injection to non-ionic polymer surfaces helps to implement ion
transfer in solid—solid contact electrification, demonstrating that
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synchronized charge transfers enable less humidity-sensitive
contact electrification. It is noteworthy that the ion transfer con-
tributes significantly to the process of contact electrification, es-
pecially at high humidity, although only less than 2% of ions
participate in the ion transfer, suggesting that there is room
for further performance improvement of contact electrification.
Our finding not only suggests that control over ion transfer in
solid—solid contact electrification can be a critical factor in de-
signing humidity-insensitive triboelectrification materials, but
also provides further insight into the physics behind contact
electrification.

4. Experimental Section

Surface Charge Density Characterization: ~ As-purchased FEP, nylon 66,
Nafion 211, and FAA-3 films with a 10 X 10 mm dimension were washed
with ethanol three times to remove the precharges, followed by mild an-
nealing at 80 °C overnight. A single contact was conducted using a push-
ing tester (Junil Tech. JIPT-120) housed in a digitalized humidity controller
(Terra Universal 1911-24D). The FEP film on indium tin oxide (ITO) was
brought into the single contact with nylon 66, Nafion 211, or FAA-3 film at
room temperature, and then was annealed at the target temperature (120,
160, or 200 °C) for the desired time. After the desired time, the FEP sam-
ple was cooled down to room temperature to measure the trace surface
charge, followed by heating again to monitor the trace surface charge as
a function of time. The charge of FEP in contact with a copper electrode
was measured by Keithley 6514 electrometer, and the compressive load
of 0.98 N was chosen to minimize the contact electrification between FEP
and copper (the charge transfer derived by the contact electrification was
measured to be below 0.1 uC m~2). The surface charge on FEP layer was
determined by the following equation:[61]

o =0 (hiey +d' ey + 161/t €re,) (5)

where ¢ and ¢’ are the surface and induced charges, respectively. The ¢,
and e, represent the dielectric constants of each contact electrification
layer. The t; and t, denote the thickness of each contact electrification
layer. The d’ is the separation distance between contact electrification lay-
ers. As the dielectric constant of copper is infinite, it was assumed that
the surface and induced charges are identical throughout the experiment.
All measurements were conducted at 25 + 2 °C. After we collected the
data for the surface charges on the FEP layer as a function of heating time,
the decay curve of the surface charge was modeled by electron thermionic
emission theoryl2044=7] as shown in Equation (1). The plateau of the de-
cay curve is the measure of surface charge mediated by sticky charge, while
the decaying part corresponds to the surface charge mediated by the elec-
tron. All charge values are normalized by the initial charge (o (t = 0)), and
the sign convention for normalized charge indicates the polarity of surface
charge.

Intrinsic lon Charge Density on lonomer Surfaces Estimation: To esti-
mate the surface ion concentration, a random distribution of the ions and
repeating units was assumed. Given that the surface is assumed to be the
ions and repeating units occupying 5 A, the ion charge density (6 face)
can be approximated by the following equation.

C 5V
Usurface:;XNAqupr (6)

where C and m are ion capacity and molar mass of ion, respectively. The
ion capacities of Nafion 211 and FAA-3 are 0.98(62] and 1.85[63] meq g™,
respectively. The N,, g, and p are Avogadro’s number, elementary charge,
and film density, respectively. The t is the film thickness.

Surface Characterization: The trace element detection on the FEP sur-
face in contact with a cationic polymer was carried out using PHI nano
Time-of-Flight I Secondary lon Mass Spectrometry system equipped with
Bi;** primary ion source with an energy and ion current of 30 keV and 2nA,
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respectively. The raster size of the FEP surface was 600 X 600 um?, and the
measurement was performed for 15 min under high mass resolution mode
for each sample. Furthermore, the surface potential was characterized us-
ing a Kelvin probe force microscopy (KPFM, Bruker Dimension Icon). A
conductive Bruker SCM-PIT-V2 tip was used in non-contact mode for sur-
face potential measurement, with a scanning area of 20 X 20 um?. The
potential difference between the tip and a standard Au sample was mea-
sured before each measurement to determine the potential of the tip. The
operation conditions during the KPFM measurement were: temperature
= 22 °C, relative humidity = 30%, 40%, 50%, 60%, and 70% (wait for at
least 30 min after reaching the target humidity before the measurement).

TENG Device Fabrication and Characterization: The 50 um FEP film was
cut into the size of 10 mm X 10 mm, followed by pasted on an ITO glass,
in which FEP and ITO serve as contact electrification layer and electrode,
respectively. The nylon, Nafion 211, and FAA-3 films were also cut into
10 mm X 10 mm pieces and then were attached to a copper tape. The all
films were washed three times with ethanol and then was dried and stored
in a 80 °C oven overnight. The FEP/ITO and polymers/Cu were tightly fixed
on stator and mover of programmed pushing tester, respectively, which is
accommodated in the digitalized humidity controller. The initial gap be-
tween the FEP and the polymer layers was set to be 20 mm, and the peri-
odic compressive load of 9.8 N with a frequency of 0.36 Hz was subjected
to the samples. An oscilloscope (Agilent DSO-X-2014A) equipped with
a preamplifier (SRS SR-570) was used for voltage and current measure-
ments. The oxygen plasma treatments to non-ionic polymers were per-
formed in a plasma cleaner (PI-5S Plasma Cleaner, Shenzhen Sanhe Boda
Electromechanical Technology Co., Ltd., Shenzhen, China) with a plasma
power of 180 W for 2 min.

Moisture Uptake Characterization: The weight change of the Nafion
and FAA-3 films after moisture uptake was measured using semi-
microbalance (Sartorius Cubis(R) 1| MCA1255-2S00-1). All tests were con-
ducted at 25 + 2 °C if no specific explanation existed.

Density Functional Theory (DFT) Computation: The DFT calculations
were performed based on the ORCA program package (program 5.0.4).[64]
Briefly, the semiempirical method B97-3c basis set was used to optimize
the initial structures of Nafion 211 molecule and FAA-3 molecule,[®®] and
then the water molecules of varying numbers from 1 to 6 were introduced
into the above structure to simulate the situations of under different hu-
midity. In order to further obtain a more reliable structure, r2SCAN-3c
basis set was used for the next step of optimization.[] The structures
were built and visualized using Avogadro 1.2.0. and built-in measurement
tools were used to measure the distance between optimized molecules
and protons or bromide anions. To speed up the calculation, resolution
of the identity approximation was applied in all processes. All structures
were subjected to frequency analysis to ensure the absence of imaginary
frequency, indicating that the optimized structures are at the energy mini-
mum point. For final binding energy calculation, we calculated the energies
of different groups using @B97M-V functionall®’] and the def2-TZVP basis
set.[%8] The binding energies were calculated by following formula:

Ebinding = Etotal - (Emolecule + Ewater) (7)

where the Ei a1, Emoleculer @3Nd Eyater are the whole systems energy, the
molecule energy, and the water group energy, respectively.

Molecular Dynamics (MD) Simulations: The MD simulations were per-
formed with Materials Studio. The Condensed-Phase Optimized Molec-
ular Potentials for Atomistic Simulation Studies (COMPASSIII) force
field(®] was used to simulate interatomic interactions. Simulations were
carried out using the isothermal-isobaric ensemble for equilibration. The
pressure was controlled by the Andersen barostat!’®! while the temper-
ature was controlled by the Berendsen thermostat.l”'l Unless otherwise
specified, a time step of 1fs was used for all simulations. The Ewald sum-
mation was used for electrostatic interactions and the atom-based sum-
mation with a cut-off distance of 12.5 A was used for Van der Walls inter-
actions. The initial simulation structures were built by Materials visualizer
which is embedded inside the software. The corresponding Nafion 211
and FAA-3 chains were filled in a simulation cell with a size of ~45 by 45 A
according to the experimental density with periodic boundary conditions
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applied along the x- and y- directions, respectively. In order to simulate
the experimentally measured humidity state, different proportions of wa-
ter molecules are introduced into the simulation cell. After the first equi-
libration, in order to achieve ion equilibrium, annealing procedures were
employed. The systems were carried out from 298 K to 600 K 5 times, with
each interval of 50 K lasting 100 ps.

In order to study the effectiveness of the proton and bromide anion
transportation, the mean square displacement (MSD) method was carried
out to investigate the movements.[”2] Both interface and inside-materials
structures were analyzed. The MSD analysis was performed on the vertical
direction of the interface structures while the normal MSD analysis was
used for inside-materials structures. The MSD can be obtained from the
position change of particles in unit time in a molecular dynamics (MD)
simulation by the following equation:

msD =~ /- Aty - r ()P ®)
T—At §

where 7 represents the total production time and r(t) is the position at time
t. The increase of MSD with time is related to the diffusion coefficient D
as below:

Na

1 .d
= v g 2 60O o

D

where N, is the number of diffusive atoms in the system.
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