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Dynamically Crosslinked Dry lon-Conducting Elastomers

for Soft lontronics

Panpan Zhang, Wenbin Guo, Zi Hao Guo, Yuan Ma, Lei Gao, Zifeng Cong,
Xue Jiao Zhao, Lijie Qiao, Xiong Pu,* and Zhong Lin Wang*

Soft ionic conductors show great promise in multifunctional iontronic
devices, but currently utilized gel materials suffer from liquid leakage or
evaporation issues. Here, a dry ion-conducting elastomer with dynamic
crosslinking structures is reported. The dynamic crosslinking structures
endow it with combined advantageous properties simultaneously, including
high ionic conductivity (2.04 X 107*S cm™ at 25 °C), self-healing capability
(96% healing efficiency), stretchability (563%), and transparency (78%). With
this ionic conductor as the electrode, two soft iontronic devices (electrolumi-
nescent devices and triboelectric nanogenerator tactile sensors) are realized
with entirely self-healing and stretchable capabilities. Due to the absence of
liquid materials, the dry ion-conducting elastomer shows wide operational
temperature range, and the iontronic devices achieve excellent stability. These
findings provide a promising strategy to achieve highly conductive and multi-
functional soft dry ionic conductors, and demonstrate their great potential in

particular, soft iontronics have recently
received increasing interests, as the uti-
lization of ion-conducting hydrogels or
ionogels endows them characteristics that
are hard to be achieved by the counter-
part electronics. For example, these quasi-
solid-state polymeric ionic conductors are
readily stretchable, while most electronic
conductors struggle to obtain high stretch-
ability. The electron transfer paths of
existing stretchable electronic conductors,
such as serpentine-shaped metallic wires
and conductive-filler-percolated polymer
composites, can be damaged or broken
at large strain; while the ion transfer
paths along the swollen solvents inside
the networks of the gel polymers will

soft iontronics or electronics.

1. Introduction

lontronics (or ionotronics) couple the electron/ion charge
transfers and exchange signals at the interfaces of electronic/
ionic conductors, differentiating them from most electronics
using electrons and/or holes as the dominating charge car-
riers. The concept of iontronics has just been proposed in last
decade, despite the fact that the co-transfers of ions and elec-
trons have long been employed in many devices, such as elec-
trochemical energy devices, electrical-double-layer field-effect
transistorsll and resistance random-access memories.?l In

not be interrupted at stretched states.l’!
Moreover, polymeric ionic conductors
can also easily achieve multiple functions
through diverse molecular chain designs,
such as transparency, biocompatibility, self-healing capability
and biodegradability.*>! Therefore, various multifunctional soft
iontronics have been demonstrated using hydrogel/ionogel
electrodes, such as artificial muscles!®” and axons,® AC lumi-
nescent devices,>!% liquid crystal devices,'!l touchpads,'? and
triboelectric nanogenerators.l

However, one intrinsic drawback of the current gel electrodes
is their low environmental stability and limited operational
temperature range. The ionic conductivity and stretchability
of hydrogels or organogels can be severely deteriorated due to
the dehydration or solvent evaporation at elevated temperature
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Scheme 1. Diagrammatic models of the ion-conducting polymer matrix with linear (L), crosslinking (C), dynamic crosslinking (DC) structures, and

the comparison of their important properties.

or after long-time storage at room temperature.!3 Jonogels,
though could be nonvolatile, still have the issue of liquid leakage
upon deformation. Therefore, liquid-free dry ion-conducting
elastomers (ICE) are highly demanded for all-solid-state soft
iontronics. However, very limited attempts have recently been
carried out to develop dry ICEs for iontronics.>! “liquid-free”
ICEs with self-healing capability has been reported very recently
for touch sensors and force sensors.[”® 3D printing capability
of ICE has also been demonstrated.[¥l Nevertheless, the utiliza-
tion of “liquid-free” or dry ICEs in soft iontronics still has not
been well explored, and their conductivity should be further
improved to compete with gel-based iontronics.

In this work, we design a self-healing, stretchable and trans-
parent poly(ethylene oxide) (PEO)-based dry ICE and demon-
strate its application as electrodes in two soft iontronic devices,
i.e., iontronic electroluminescent (EL) device and triboelectric
nanogenerator (TENG) tactile sensor. The molecular chains of
the dry ICE are dynamically crosslinked by reversible imine
bonds as described in Scheme 1, which reduces its crystal-
linity, improves the ionic conductivity, and endows the system
with self-healing capability and high stretchability. The ionic
conductivity is 2.04 x 107* S cm™ at 25 °C, and the ultimate
tensile strain reaches 563%. Furthermore, the mechanical and
electrical properties can be fully recovered spontaneously upon
damages. Lastly, we realize entirely stretchable self-healing EL
and TENG devices using the dry ICE electrode and a dielectric
elastomer, two devices that are both in sandwich structures but
reversed stacking sequences. Due to the absence of liquid mole-
cules, the ICE and corresponding iontronic devices show wide
temperature range and excellent stability.

2. Results and Discussion

Dry ion-conducting polymers can typically solvate ions (H*, Li*,
Na®, etc.) with heteroatoms (N, S, O, Si, etc.) in the molecular
chains, and realize ion transport along or among the chains
under bias voltage or concentration gradient.’” Generally,
ion-conducting polymers with linear chains tend to be semic-
rystalline, but the ion transfer prefers amorphous regions with
activated chain segments or high chain mobility.?12% Strategies
such as grafted chain designs, copolymerization or crosslinking
are frequently employed to suppress the crystallization of the
polymer matrix, so as to improve the ionic conductivity.? Here,
we propose to construct dry ICE with dynamic crosslinking
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structures, which are expected to bring following advantageous
properties (Scheme 1).

1) Higher ionic conductivity: The crystallinity of the ICE can be
suppressed with minimum sacrifice to the chain flexibility.
Comparing with strong crosslinking structure, the dynamic
crosslinking structure is relative weaker, endowing the net-
works with even higher chain mobility, as one chain is not
“fixed” to one crosslinking point. Instead, the dynamic bond
can spontaneously break and re-form crosslinking with other
chains. Therefore, better ionic conductivity is expected.

2) High stretchability and self-healing capability: The dynamic
crosslinking structures would also endow the system elasto-
meric mechanical behaviors and simultaneously make the
ICE self-healable upon damages.

3) Excellent thermal stability and potential transparency: There
is no obvious melting point (T;,)) for crosslinking ICE, which
means the stable structure and property in relatively wider
temperature range than the semicrystalline counterparts,
since drastic property change occurs above melting point.
Furthermore, amorphous ICE can also potentially be trans-
parent, unless other opaque additives are utilized.

PEO complexing with lithium salts is an ionic con-
ductor being widely studied as electrolytes in solid-state bat-
teries.'%2024 Linear PEO (L-PEO), due to its semicrystalline
structure, shows limited ionic conductivity, low thermal sta-
bility and poor stretchability. Crosslinking PEO (C-PEO) has
been reported with high stretchability and improved con-
ductivity, but the conductivity still requires further optimiza-
tion.’] Therefore, we designed a dynamic crosslinking PEO
(DC-PEO), which was crosslinked by imine bonds as schemed
in Figure 1a. The imine bond was achieved by a Schiff base
reaction between benzene-1,3,5-tricarbaldehyde and amino-ter-
minated poly(ethylene glycol). The Fourier transform infrared
spectroscopy (FTIR) confirmed the formation of imine bonds
in the DC-PEO (Figure S1, Supporting Information). Peaks
related to —(C=0)— and —C=N-— stretching modes were
observed at 1700 and 1646 cm™, respectively, correspondent to
the excessive aldehyde groups and the formed imine bonds
in the DC-PEOQ.?’! To illustrate the influence of imine-bonded
(C=N) dynamic crosslinking structure on the properties of the
ICE, an amine-bonded (C—N) non-dynamic crosslinking struc-
ture ICE was synthesized as the control sample by reducing the
C=N to C—N bond with NaBH;CN, noted as C-PEO hereafter.

© 2021 Wiley-VCH GmbH
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Figure 1. Structures and characterizations of the dynamic crosslinking dry ICE. a) Structures of the L-PEO, C-PEO and DC-PEO. b) XRD, c) DSC and
d) TGA of the L-PEO, L-PEO/LITFSI, C-PEQ/LITFSI, and DC-PEOQ/LITFSI. e) The uniaxial tensile stress—strain profiles of L-PEO/LiTFSI, C-PEOQ/LITFSI,
and DC-PEO/LITFSI at ambient conditions. The inset photos: the DC-PEO/LITFSI at initial state and stretched state (strain &= 400%).

The FTIR results were confirmed the reduction of imine. Peaks
related to —(N—H)— and —C—N-— stretching modes were
observed at 1578 and 1228 cm™, respectively (Figure S1, Sup-
porting Information).

The crystallization behaviors were studied by differen-
tial scanning calorimetry measurement (DSC) and X-ray
diffraction (XRD). Four samples were compared to illus-
trate the effect of the dynamic crosslinking structure, i.e.,
a pure L-PEO, a L-PEO/LiTFSI (L-PEO mixed with lithium
bis(trifluoromethylsulphonyl)imide), C-PEO/LiTFSI and the
DC-PEO/LIiTFSI (EO:Li = 8:1 for the three samples). The pure
L-PEO exhibits two strong diffraction peaks located at 19.5°
and 23.5° (Figure 1b), correspondent to crystal planes of (120)
and (032)/(112), respectively.?l As for the L-PEO/LiTFSI, these
two diffraction peaks can still be clearly observed though the
intensity is lowered. Nevertheless, only a broad diffuse peak
is observed for the C-PEO/LiTFSI and DC-PEO/LIiTFSI, con-
firming their amorphous structure because of the crosslinking
structure. For pure L-PEO, a clear melting peak (T;,: 68 °C)
is observed from the DSC thermograms (Figure 1c). For the
L-PEO/LIiTFSI, the melting peak shifts to a lower temperature
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(46 °C) with significantly suppressed intensity, and a glass-
transition temperature (Ty) can be observed at —33 °C. In
contrast, the C-PEO/LiTFSI and DC-PEO/LiTFSI show no
obvious melting peak but a clear glass transition at the T, of
—45 and —40 °C, respectively. These results demonstrated that
the lithium salts can defect the lattice of PEO molecular chains
and lead to the reduced crystallinity.l””! More importantly, it is
strongly supported that the (dynamic) crosslinking structure
further leads to the amorphous ion conductor. The thermo-
gravimetric analysis (TGA) confirms that the DC-PEO/LIiTFSI
is dry and solvent-free, showing almost no weight loss before
300 °C (Figure 1d). The degradation temperature of DC-PEO/
LiTFSI (=385 °C) is slightly higher than that of the L-PEO and
L-PEO/LiTFSI because of the crosslinking structure. These
thermoanalysis results (DSC and TGA) suggest excellent
thermal stability of DC-PEO/LiTFSI.

The DC-PEO/LITFSI shows an ultimate tensile strength
of 262 kPa and a fracture strain of 563%. In contrast, the
L-PEO/LiTFSI and C-PEO/LITFSI only has a fracture strain of
=179% and 98.6%, respectively (Figure 1e). The high stretch-
ability of the DC-PEO/LIiTFSI is consistent with its amorphous

© 2021 Wiley-VCH GmbH
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Figure 2. lon-conducting properties of the DC-PEOQ/LITFSI. a) Arrhenius plot of the ionic conductivity of the L-PEQ/LIiTFSI, C-PEOQ/LiTFSI and DC-PEO/
LiTFSI. b) Comparison of the ionic conductivity, stretchability and self-healing capability of DC-PEO/LITFSI to other reported ion-conducting polymers:
PEGDA/MOF (30 °C);!*l PI/PEO (30 °C); VSs/PEO (25 °C);*I xPTHF-SPE (25 °C);!*¢1 PPC/cellulose (30 °C);*1 PVA-CN/PAN/SN (25 °C);1*8l HAmCP/
PEGDE (30 °C);¥9 PEO/g-C;N, (30 °C);1*% PEGPEA/SIO, (25 °C);1*" PLiSTFSI/PEGM/PEGDMA/EC (30 °C);1*d EG-P[SSPSILi-@-MA]/PEO (25 °C);1>3
POSS/PEG (30 °C);1331 PBA/PEGDA (25 °C);I"l P(MEA-co-I1BA) /LiTFSI (25 °C);["™ PIL/TFSI (30 °C).[" ¢) The structure of a dynamic crosslinking point
used for DFT simulations. d) Adsorbing binding energies of Li ions on N and O sites with different configurations in the molecular chains.

and crosslinking structure discussed above. Cyclic loading-
unloading tensile tests were also conducted to the DC-PEO/
LiTFSI. Relatively good resilience was obtained when the strain
is 100%, but large residual strain was observed after unloading
the stress when the strain is higher than 200% (Figure S2, Sup-
porting Information).

The ionic conductivity of the DC-PEO/LiTFSI was then
determined by electrochemical impedance spectroscopy
(EIS) from —40 to 140 °C, as shown by the Arrhenius plot in
Figure 2a. The ionic conductivity of DC-PEO/LIiTFSI at 25 °C
is 2.04 x 10* S cm™, which is about 2 orders higher than
242 x 10° S cm™ of the semicrystalline L-PEO/LiTFSI and
1 order higher than 1.33 x 10 S cm™ of the C-PEO/LiTFSI
(the conductivity of undried L-PEO/LITFSI with 8.5 wt%
residual solvent is 3.9 x 10 S cm™, Figure S3: Supporting
Information). Other than the high conductivity, another major
advantage of the DC-PEO/LIiTFSI is its wide applicable tem-
perature range. When the temperature is as high as 140 °C,
the DC-PEO/LIiTFSI can still operate and show a conduc-
tivity of 2.12 x 107> S cm™; while the L-PEO/LiTFSI will melt
above 46 °C (T, in Figure 1c). After storing at 140 °C for 7 h
in atmosphere environment, the DC-PEO/LiTFSI still showed
elastomeric mechanical behaviors, though the stretchability
decreased to 383% (Figure S4, Supporting Information). Fur-
thermore, the conductivity of the DC-PEO/LiTFSI at —35 °C can
still be measured to be 4.73 x 107 S cm™.. The high conductivity
and wide operational temperature range of the DC-PEOQ/LiTFSI
are attributed to its amorphous structure and low T, (-40 °C,
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Figure 1c), which imply the high chain mobility and low activa-
tion energy (E,) for ion transfer. The E, was estimated by fitting
the conductivity with Vogel-Tammann—Fulcher (VTF) model
(Figure S5, Supporting Information). The E, of the DC-PEO/
LiTFSI is estimated to be 0.388 eV, which is noticeably lower
than 1.235 eV of L-PEO/LIiTFSI and 1.154 eV for C-PEO/LiTFSI.

The dynamic crosslinking structure of our DC-PEO/LiTFSI
has the following two unique characteristics which are benefi-
cial to the ion transportation. Firstly, The N atoms in the imine
bonds (—C=N-) or in the unreacted amino groups (—NH,)
can provide extra sites for solvation of Li* ions other than
ether oxygen atoms, due to the existence of an electron pair
in outermost layer of the N nucleus. Ion transport could also
occur between N and O sites or among N sites. The adsorption
behaviors of Li* on different sites (O and N with different con-
figurations) in DC-PEO/LiTFSI molecule chain was evaluated
through the density functional theory (DFT) calculations. PEO
chains with five repeated ether oxygen units were simulated for
simplification (Figure 2c). The binding energies of the three N
sites in imine bonds are —1.58, —2.43, and —1.50 eV, respectively,
which are even larger than —0.61 to —0.96 €V of the five O sites
(Figure 2d), confirming that introduced N atoms help the solva-
tion and transportation of Li* ions. Secondly, the chain mobility
is higher than PEO crosslinked with strong covalent bonds
(C-PEO), as the crosslinking through weak imine bonds are
dynamically broken and formed. The significant contribution of
the dynamic networks to the conductivity can be strongly sup-
ported by comparing the conductivity of the DC-PEO/LiTFSI

© 2021 Wiley-VCH GmbH
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and non-dynamic C-PEO/LiTFSI. Meantime, our DC-PEOQ/
LiTFSI also shows higher conductivity than that of other
reported crosslinked PEO polymer electrolytes, such as e-beam
crosslinked PEO,1?® crosslinked PEO-g-PEG,?! polyethylene
crosslinked by PEO,B% and PBA crosslinked by PEGDA.[

Figure 2b and Table S1 (Supporting Information) show com-
prehensive comparisons of our DC-PEO/LiTFSI with some
representative reported ether oxide-based ion conductors.
The conductivity is generally higher than or comparable with
that of PEO with polymer blends,>332 PEO with inorganic
fillers.13*-3% Nevertheless, most of these PEO electrolytes are not
completely dry and there were possibly residual solvent mole-
cules acting as plasticizes. Furthermore, only very few recent
works reported combined excellent elasticity and self-healing
capability (will be discussed hereafter).[18]

The self-healing mechanism of DC-PEO/LIiTFSI is shown
in Figure 3a. Upon damages, imine bonds are broken and
hydrolyzed back to aldehyde and amine, which can re-form
the imine bonds through a Schiff base reaction between the
amino (—NH,) groups and the —CHO groups.l® Imines react
reversibly with water (hydrolysis, which is the reverse process
of imine formation), amines (transimination) and preformed
imines (metathesis), as depicted in Scheme S1.3®¥ In our
system, the hydrolysis route may be more likely, considering
the two facts: excessive amount of aldehydes were used during
synthesis and all the experiments were conducted in atmos-
phere environment. The damages can be then cured automati-
cally. The self-healing property was evaluated by tensile tests
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after cutting the DC-PEO/LiTFSI completely into two pieces
and healing for different periods of time. The healing efficiency
calculated based on the strain to fracture is 94% after 84 h of
room-temperature (RT, 20 °C) healing, 80% and 96% after 3
and 6 h healing at 60 °C, respectively (Figure 3b and Figure S7:
Supporting Information). For demonstration, a DC-PEO/LiTFSI
was cut into two pieces and attached back (Figure 3c-iii).
After 90 h of autonomous RT healing, the sample can still be
stretched for different times (Figure 3c-iii,iv). Optical micro-
scope photos show that a =150 um wide cleft was healed spon-
taneously after 48 h in ambient condition (Figure 3c-v,vi). In
addition, after being cut completely and healed at 60 °C, the
resistance of a DC-PEO/LIiTFSI can quickly recover to the orig-
inal value in =100 min for each cut (Figure 3d). As for polymer
ionic conductors, the ion conduction pathways are fully
recovered as long as the molecular chains are healed; while
for percolated polymer composites, the electron conduction
pathways may not be thoroughly recovered after the healing
process.[’!

In soft iontronic devices, DC-PEO/LiTFSI needs to be con-
nected with metal wires in order to receive electrical stimuli
or output electrical signals. It may also be attached with die-
lectric materials (polyimide (PI), poly(ethylene terephthalate)
(PET), etc.). By means of 90°-peeling tests, the peeling forces
per width of DC-PEO/LIiTFSI on various substrates are shown
in Figure S8 (Supporting Information). The DC-PEO/LIiTFSI
was adhesive to these surfaces which would be favorable for
the applications in iontronic devices. The DC-PEO/LIiTFSI also
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Figure 3. Self-healing property of the DC-PEO/LITFSI. a) Self-healing mechanism of DC-PEO/LIiTFSI. Bis(amine)-terminated PEO and 1,3,5-triformylb-
enzene form reversible imine bonds through a Schiff base reaction, which are cleaved upon damages and recovered after an autonomous healing
process. b) The uniaxial tensile stress—strain profiles of DC-PEO/LITFSI at pristine state and healed for different periods of time at RT (20 °C) and
60 °C after completely cutting into two pieces. c) Optical photos of DC-PEO/LITFSI being cut (i), healed for 90 h at RT (ii), and stretched for different
strains (iii,iv). Optical microscopy images of a cut DC-PEO/LITFSI before (v) and after (vi) 48 h of healing at RT. Scale bar: 200 um. d) Recovery of the
resistance of the DC-PEO/LIiTFSI after being completely cut and healed at 60 °C for several times.
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Figure 4. lontronic AC electroluminescent (EL) devices. a) Schematic illustration of the EL device with three-layer sandwich structure. The entire device
was intrinsically self-healable and highly stretchable. Both the DC-PDMS and DC-PEO/LITFSI dry ICE are self-healable. b) The working principles for the
EL device under an alternating voltage. c) The interface between the DC-PEQ/LITFSI and the DC-PDMS: i) freshly stacked together; ii) after 24 h. Scale
bar: 200 um. d) Luminance versus the applied fields at 2000 Hz frequency for green and blue EL device with the DC-PEO/LITFSI and PAAm hydrogel
as the electrode, respectively. ) Photographs showing the two-color healed EL device stretched to 250%, demonstrating simultaneously its self-healing

capability and the stretchability. f) The corresponding luminance of the two-color healed EL device under different tensile strains.

has no corrosion to metals since it is solvent-free, but hydrogels
could show corroding effect on metals.'*1]

An iontronic AC EL device was constructed using the
DC-PEO/LIiTFSI ICE as the two electrodes, as schematically
shown in Figure 4a. The luminescent layer consists of dynamic
crosslinking poly(dimethylsiloxane) (DC-PDMS) mixed with
67 wt% of phosphor particles. The DC-PDMS dielectric elas-
tomer was also dynamically crosslinked with imine bonds,
achieving also high stretchability and self-healing capability
according to our previous work® (Figure S9, Supporting
Information). Therefore, the entire device was intrinsically self-
healable and highly stretchable. The DC-PDMS is highly trans-
parent (=96% in the visible range); the DC-PEO/LIiTFSI has a
light yellowish color but still shows good transmittance of =78%
(both 200 pum thick) (Figure S10, Supporting Information).
The light yellowish color is attributed to the oxidation of the
amines in air, which changes to darker yellow after heat-treat-
ment but changes to colorless transparent after the reduction
by NaBH;CN. The working principles for the EL device under
an alternating voltage was shown in Figure 4b, where the AC
electric field was applied on the luminescent layer through the
electric double layer (EDL) at the metal wire/ICE interfaces.

The interface between the ionic electrode and the dielec-
tric luminescent layer is a critical factor influencing the
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performance of EL devices, both the mechanical robustness
and the luminescent properties. The DC-PEO/LiTFSI and DC-
PDMS can have relatively strong bonding at the interfaces. As
shown in Figure 4c, their original clear interface becomes fuzzy
after 24 h at RT. After sticking a piece of DC-PEO/LiTFSI to the
DC-PDMS for 2 days at RT, the strong bonding at the interfaces
was confirmed by the corresponding tensile profile (Figure S11,
Supporting Information). This robust interface is an advan-
tage over the hydrogel-based iontronic EL devices, where the
hydrophobic dielectric layer has poor bonding with hydrophilic
hydrogel electrode (Figure S12, Supporting Information). We
compared the EL performances of our EL devices using the
dry ICE electrode to that using a PAAm hydrogel electrode.
EL devices with two kinds of phosphor particles were tested,
glowing blue and green light respectively. For all samples, the
luminance increases with the applied field (Figure 4d) and fre-
quency, but achieve saturation after =2.5 kHz (Figure S13, Sup-
porting Information), similar to previous reported trends.l
The luminance of the dry ICE-based EL device is higher than
that of hydrogel-based device, though PAAm hydrogel has
higher ionic conductivity (0.0235 S cm™). For example, the
green-light luminance of dry ICE-based EL device reached
402 cd cm™ at 6 V um™ electric field, which is 64% higher
than that using hydrogel electrode. The better EL property is

© 2021 Wiley-VCH GmbH
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attributed to the better interface between the dry ICE electrode
and luminescent layer. It is also worth mentioning that the
dielectric constant k of DC-PDMS is slightly higher than that
of commercial PDMS (Figure S14, Supporting Information),
which leads to the higher luminous intensity than that of the
EL device using the commercial PDMS in luminescent layer.*l

To demonstrate that the entire EL device was intrinsically
self-healable and highly stretchable, we attached a green and a
blue EL device together, healed the boundary at RT for 24 h, and
then tested their luminance at stretched states. The two-color
healed EL device can be stretched to 250%. At every stretched
state, both the blue-color and green-color parts deformed
evenly, confirming the fully recovery of the ionic electrodes and
the luminescent layers at the boundary (Figure 4e). The cor-
responding luminance of both colors increases with strain at
first, and then decreases with the strain (Figure 4f). The inten-
sity variation trend can be explained by a combined effect of the
increase in the emission area (i.e., lowered light-emitting par-
ticle density) and the decrease in thickness of the luminescent
layer (i.e., larger electrical field). The latter effect dominates at
small strain states, leading to the intensity increase; the former
effect dominates at large strain states and reverses the trend.
This trend of the healed two-color device is the same as the two
separate devices emitting green light and blue light, respec-
tively (Figure S15, Supporting Information).”!

The DC-PEO/LITFSI can operate at relatively high temper-
ature (as suggested by Figures 1c,d and 2a) and is long-term
stable since it is dry. Its conductivity and weight remained
almost the same after 16 h treatment at 80 °C (Figure 5a). After
further storage at RT for 4 months, the conductivity and weight
were still the same. In contrast, the conductivity of the counter-
part PAAm hydrogel decreased drastically to only =5% of that
before treatment and its weight also kept decreasing during

a
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the 16 h treatment at 80 °C. As for the mechanical properties,
the tensile strength decreased slightly while the fracture strain
remained almost the same after 80 °C treatment and 4 months
storage at RT (Figure 5b). In contrast, the counterpart PAAm
hydrogel changed from elastomer to brittle plastics without
stretchability after the 80 °C treatment (Figure S16, Supporting
Information). The deterioration of the hydrogel performances
is due to the evaporation of the water at high temperature (as
suggested by TGA data in Figure S17, Supporting Information).

The stability of the dry ICE electrode ensures the stability
of the EL device. The luminance of a flower-shaped dry ICE-
based EL device decreased slightly from 235 to 205 c¢d m™2
after 16 h at 80 °C (Figure 5d). On the contrary, luminance of
a counterpart hydrogel-based device decreased from 143.5 to
64.9 cd m™2 after 16 h treatment at 80 °C. Meantime, the size
and shape of the dry device remained the same throughout the
course of treatment; while the hydrogel-based device shrunk
significantly and became brittle after the treatment (Figure 5c
and Figures S16 and S12: Supporting Information. The dry EL
device also showed stable luminescent property over 9 weeks’
storage at ambient environment (Figure S18, Supporting
Information). These results strongly support the excellent sta-
bility and wide temperature range of the dry ICE and corre-
sponding devices, due to the elimination of solvent evaporation
issue.

An iontronic TENG (iTENG) was also demonstrated for
tactile sensor using the DC-PEO/LIiTFSI as electrode and DC-
PDMS as electrification layer, as shown in Figure 6a. This
iTENG sensor overall was also intrinsically self-healable and
stretchable. The iTENG is grounded through an external
resistor, so it works in the single-electrode mode (Figure 6b).5!
When a hand contacts with the DC-PDMS dielectric layer,
electrification happens at the interface, generating the same

b
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Figure 5. Stability of the DC-PEO/LITFSI dry ICE and the iontronic EL devices. a) The conductivity and weight of DC-PEOQ/LITFSI dry ICE and PAAm
hydrogel after different heat treatments. b) The tensile profiles of DC-PEOQ/LITFSI after different heat treatments. c) Photographs of the two blue flower
EL devices stored at 80 °C for different times. The upside is the EL device with DC-PEO/LITFSI as the electrode, the downside is the EL device with
PAAm hydrogel as the electrode. Scale bar: 5 mm. The EL devices were all illumined at the applied field of 5V um™ and the frequency of 2000 Hz. The
thickness of DC-PDMS dielectric layer was 200 um. d) The corresponding luminance of the dry ICE-based and hydrogel-based EL devices after treated
at 80 °C for different times. The measurements obtained from this work were reproduced with three samples for each condition.
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Figure 6. lontronic triboelectric nanogenerator (iTENG) tactile sensors. a) Schematic illustration of the architecture for an iTENG. The entire device
was intrinsically self-healable and highly stretchable. b) The working principles for iTENG at single-electrode mode. c,d) The output voltage (c) and
current (d) of an iTENG connected to the ground through a 1.2 MQ resistor. e) The voltage of an iTENG before and after healing the damages, and
f) at different tensile strains. g) Image of a touch panel keyboard with 10 iTENG tactile sensors attached on a curvy hand. Scale bar: 1 cm. h) Voltage

profiles of the channels of touched digits.

amount of electrostatic charges with opposite polarities at the
fingertip and the DC-PDMS, respectively (Figure 6b-i). When
the hand is moving away, the static charges in DC-PDMS will
induce the formation of a layer of excessive ions at the inter-
face of DC-PEO/LIiTFSI and DC-PDMS to balance the static
charges (Figure 6b-ii). Meanwhile, an electrical double layer
is formed at the interface of the DC-PEO/LITFSI and metal
wire tip, resulting in the electron flux from the metal wires
to the ground until all the static charges in the DC-PDMS
are screened (Figure 6b-iii). When the hand is approaching
back, an electron flux with the opposite direction will transfer
through the external resistor (Figure 6b-iv). If the relative con-
tact-separation motion is repeated, pulsed AC current will be
generated continuously.3%4

We first characterized the output of the iTENG at open-cir-
cuit and short-circuit condition respectively, with a latex film
to carry out the contact-separation motion (area, 3x3 cm?)
(Figure S19, Supporting Information). The peak open-circuit
voltage V,. and the peak short-circuit charge Q. are about 120 V
and 40 nC, respectively. The peak-to-peak value of short-circuit
current I, was measured to be =1.9 ypA. The iTENG featured
as a current source with high internal impedance. Therefore,
the current showed no significant decrease until the external
resistance reached 100 MQ scale, and a maximum areal power
density of =127 mW m~ was achieved at a matched resistance
of =512 MQ.
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As for the application as a tactile sensor, a 1.2 MQ resistor was
connected to an iTENG, so as to lower the measured voltage for
the convenience of signal acquisition. The voltage drop across
the resistor had a peak-to-peak value of =8.8 V, while the peak-
to-peak current value was =1.37 pA (Figure 6¢,d). To evaluate
the self-healing ability, the iTENG sensor was cut in the middle
by a razor blade, attached back, and then healed spontaneously
at ambient conditions for 24 h. The voltage of healed iTENG
showed no significant drop, suggesting the recovery of both the
DC-PEO/LIiTFSI electrode and the DC-PDMS dielectric layers
(Figure 6e). The stretchability of the iTENG sensor was further
examined. The voltage increased at stretched state due to the
increase in contact area and decrease in thickness of the elec-
trification layer (Figure 6f), which is consistent with previous
reported observations.[’!

The soft and transparent iTENG can be applied as an arti-
ficial-skin-like touch panel. 10 iTENG sensors were fabricated
in one panel with each correspondent to one of the 10 digits.
This soft panel can be conformally attached onto a curvy hand
(Figure 6g), and be able to perceive the touch by alien objects
and to function as a touch keyboard. A multichannel measure-
ment system was used to simultaneously obtain the electric sig-
nals from all the iTENG sensors. For demonstration, a series of
numbers “6 345 017” were generated by pressing the panel with
a finger, and the corresponding electrical signals were shown
in Figure 6h.

© 2021 Wiley-VCH GmbH
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3. Conclusion

We have demonstrated an effective approach to improve the
ionic conductivity of dry ion-conducting elastomers, and
simultaneously achieved self-healing capability, stretchability
and transparency. Due to the elimination of liquid leakage or
evaporation issues suffered by state-of-the-art ion-conducting
gels, this ionic conductor showed wide operational tempera-
ture range and relatively great thermal stability. These advanta-
geous properties made it highly promising for multifunctional
stretchable/soft iontronics or electronics, as exampled by but
not restricted to the EL devices and TENG sensors in this work.
Furthermore, this dynamic crosslinking strategy can be applied
to other dry ion-conducting polymer electrolyte materials other
than PEO derivatives, so as to promote their applications in
multifunctional iontronics/electronics. Lastly, this strategy
is also helpful for solid-state electrochemical energy devices,
where high ionic conductivity and thermal stability are still
long-lasting pursuits for solid electrolytes. Therefore, our find-
ings not only demonstrate the soft iontronics with dry ICE elec-
trodes, but also develop a general strategy for high-performance
solid polymer electrolytes.

4. Experimental Section

Materials: Poly (ethylene oxide) (PEO) (Macklin, M,, =100 000 g mol™),
polyo(ethylene oxide) bis(amine) (H,N-PEO-NH,) (M,, = 2000 g mol™,
Aladdin), benzene-1,3,5-tricarbaldehyde (Ark Pharm), bis(amine)-
terminated  poly(dimethylsiloxane) ~ (H,N-PDMS-NH,) (M, =
5000 g mol”, Gelest DMS-A21), lithium bis(trifluoromethane
sulfonamide) (LiTFSI) (Macklin), N,N-dimethylformamide (DMF)
(Macklin), acetonitrile (Macklin), and dichloromethane (Macklin) were
all used as received. Zinc sulfide (ZnS) phosphor powders doped with
different transition metal elements to luminesce in green color and blue
color (Shandong Wanji High-tech Electronics Co. Ltd., Shandong, China)
were used as received.

Fabrication of the Dynamic Crosslinking DC-PEO/LiTFSI, L-PEO/
LiTFSI, and C-PEO/LITFSI: In this study, the ratio of EO: Li was &:1.
DC-PEO/LITFSI was synthesized by mixing 400 mg of H,N-PEO-NH,
and 2 mL DMF solution with 26 mg 1,3,5-triformylbenzene and 0.328 g
LiTFSI in it. The mixture was transferred to a poly(tetrafluoroethylene)
(PTFE) molded container. A gel was obtained at first. To remove the
solvent in the gel, the sample was stored in the oven at 60 °C for 48 h
to get a dry DC-PEO/LITFSi elastomer. To contrast, the L-PEO/LITFSI
(M,, = 100 000 g mol™") were also prepared. The methods were as
follows: First, mix PEO powder with LiTFSI in the ziplock bag. The ratio
of EO: Li was also 8:1. Then, mix them in a Banbury mixer at 140 °C for
4 min to obtain dry L-PEO/LITFSI.

The reductive amination of DC-PEO was prepared as follows: at first,
mix 400 mg of H,N-PEO-NH; and 2 mL DMF solution with 26 mg
1,3,5-triformylbenzene and 0.328 g LiTFSI in it. Wait for 40 min at room
temperature to get an imine gel. Then, adjust the pH to 6 with acetic
acid and dissolve 16.8 mg NaBH;CN into the mixture. Lastly, remove the
air bubbles with ultrasonic water bath and transfer the solution into a
PTFE mode and treat it in an oven at 60 °C for 72 h in the vacuum oven
to obtain the reductive amination of DC-PEO, which is the crosslinking
PEO (C-PEO/LITFSI).

Fabrication of the Dynamic Crosslinking PDMS (DC-PDMS): DC-PDMS
was synthesized by mixing 2 g of H,N-PDMS-NH, and 300 pL
dichloromethane solution with 33 mg 1,3,5-triformylbenzene in it. The
viscosity of the solution increased drastically in several minutes. The
mixture was dried in a PTFE container at room temperature for 12 h and
then heated to 80 °C for 5 h. Dynamic imine bonds were formed, and the
PDMS chains were dynamically crosslinked to generate the transparent
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and healable elastomer. The DC-PDMS elastomer can be pressed into a
film with any thickness using a mold at 80 °C.

Fabrication of the PAAm-LiCl Hydrogel: According to a previous
report,Bl add acrylamide into 4 m LiCl aqueous solution. The
concentration of acrylamide to deionized water was fixed at 14 wt%.
Secondly, add N,N’-methylenebisacrylamide, ammonium persulfate,
and N,N,N;N’-tetramethylethylenediamine into the solution. Thirdly,
transfer the solution into a plastic culture dish and treat it in an oven at
50 °C for 2 h to form the PAAm-LiCl hydrogel. The thickness of the final
hydrogel is around 2 mm.

Fabrication of the lontronic Electroluminescent (EL) Device: DC-PDMS
was used as the dielectric layer matrix of the self-healing EL device.
The weight ratio of the ZnS phosphor powders to DC-PDMS was 2:1.
At first, 2 g of bis(amine)-terminated poly(dimethylsiloxane) and
4 g ZnS phosphor powders (blue or green) were dissolved in 2 mL
dichloromethane solution. Then 33 mg 1,3,5-triformylbenzene was
added into the mixture. Before the viscosity of the solutions increased,
transfer the mixture into a PTFE container at room temperature for
1 h and then heated to 80 °C for 5 h to evaporate the dichloromethane
solution totally. The healable dielectric layer DC-PDMS/ZnS elastomer
was hot pressed at 80 °C with a 200 um-thickness mold. The self-healing
EL device was fabricated by sandwiching the dielectric layer DC-PDMS/
ZnS composites between two DC-PEO/LITFSI layers. PEN/ITO electrode
and aluminum tape were used to electrically connect the electrode with
the external power source.

Fabrication of the lontronic TENG and Tactile Sensor: The iTENG
was fabricated by sandwiching DC-PEO/LITFSI between two dielectric
DC-PDMS layers. Aluminum tape and copper wire were used to
electrically connect the electrode with the external load.

Materials Characterization: FTIR-ATR measurements were performed
on a VERTEX 80v spectrometer (Bruker) from 600 to 4000 cm™. The
mechanical tensile test, stretch cycling test and peeling test were all
conducted by an ESM301/Mark-10 system. The strain rate was fixed at
30, 60, and 60 mm min~', respectively. The peeling test was conducted
using samples with the size of 0.6 mm (thickness) x 1 cm (width) x
4 cm (length) each. The samples were sandwiched between two same
materials. The tests were conducted at room temperature immediately
after the two surfaces attached to each other. All the tests above
were conducted at room temperature. The optical transmittance was
measured by a Shimadzu UV-3600 spectrophotometer. The impedance
tests were performed on an electrochemical workstation (CHI660E), and
the samples were sandwiched by two stainless steel electrode for tests.
Differential scanning calorimetry measurement (DSC) was performed
on DSC 200F3 (NETZSCH) in N, atmosphere. Liquid nitrogen was
used to decrease the temperature. The temperature was increased
from —80 to 300 °C at the rate of 10 °C min~'. Thermogravimetric
analysis (TGA) was performed on TGA5500 (TA instruments) in N,
atmosphere. The heating rate was also 10 °C min~'. X-ray diffraction
(XRD) measurements were carried out using benchtop Proto AXRD
system (Cu Ko, A =0.154 nm) in the 26 range of 10°-50°. The dielectric
constant was measured by the LCR meter (KEYSIGHT, E4980A) from
1Hzto 1 MHz.

EL Device Characterization: Alternating voltage signals (standard
sine wave) for activating LECs were generated using NI-cDAQ 9138
programmed through a custom script. The signals were amplified by a
high voltage amplifier (Trek 610E), where the V values reported are the
peak voltages of the sine wave. The luminance values were measured by
a luminance meter (TOPCON BM-7) placed at a perpendicular distance
of 30 mm from the center of the samples.

iTENG and Touch Panels Characterization: A step motor (LinMot
E1100) was used to provide the input of mechanical motions. For all the
tests of energy generation of the iTENG, the pressure (100 kPa), speed
(2 m s7"), and frequency (=2 Hz) of the step motor were fixed. The
humidity was around 10%. The voltage, charge and current quantity were
recorded by a Keithley electrometer 6514. The force applied by the motor
was detected by a Mark-10 force gauge. A multichannel measurement
system (PXle 4300, National Instruments Corporation) was used to
simultaneously obtain the electric signals from all the 10 electrode lines
from the touch panels.
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DFT Calculations: DFT calculations were performed in the Vienna
ab initio Simulation Package (VASP).!l The projector augmented wave
(PAW)E2 method with the Perdew—Burke—Ernzerhof (PBE) exchange-
correlation functional®®! were used in all calculations. To simplify the
calculation, 5 EO repeat units were just used for the PEO chain. The
plane-wave basis kinetic energy cut-off was set to 400 eV. For the
geometry optimization of DC-PEO/LITFSI molecule, all atoms were
allowed to be relaxed until the forces were less than 0.05 eV A~ Then
with the optimized DC-PEO/LITFSI molecule, the adsorption behaviors
of Li* ions on the DC-PEOQ/LITFSI molecule were estimated by binding
energy calculation. The binding energy of a Li* ion on the DC-PEQ/
LiTFSI molecule was defined by the following equation:

Ead = Emol-Li — Emol — ELi M

where E, .. and E, are the energies of the DC-PEO/LITFSI molecule
adsorbing a Li* ion and without adsorption. Here, E; is the energy of
an isolated Li atom. During the relaxation of Li* ion adsorbed DC-PEQ/
LiTFSI molecule, the Li* ion and atoms of DC-PEO/LITFSI with the
distances away from Li atom less than 6 A were allowed to relax until the
forces on all the relaxed atoms were less than 0.05 eV A~
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