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Scalable Superior Chemical Sensing Performance
of Stretchable lonotronic Skin via a 7-Hole Receptor Effect

Ming Liang Jin,* Sangsik Park, Hyukmin Kweon, Hyeong-Jun Koh, Min Gao, Chao Tang,
Soo-Yeon Cho, Yunpyo Kim, Shuye Zhang, Xinlin Li, Kwanwoo Shin, Aiping Fu,

Hee-Tae Jung,* Chi Won Ahn,* and Do Hwan Kim*

Skin-attachable gas sensors provide a next-generation wearable platform for
real-time protection of human health by monitoring environmental and physio-
logical chemicals. However, the creation of skin-like wearable gas sensors,
possessing high sensitivity, selectivity, stability, and scalability (4S) simultane-
ously, has been a big challenge. Here, an ionotronic gas-sensing sticker (IGS)
is demonstrated, implemented with free-standing polymer electrolyte (ionic
thermoplastic polyurethane, i-TPU) as a sensing channel and inkjet-printed
stretchable carbon nanotube electrodes, which enables the IGS to exhibit

high sensitivity, selectivity, stability (against mechanical stress, humidity, and
temperature), and scalable fabrication, simultaneously. The IGS demonstrates
reliable sensing capability against nitrogen dioxide molecules under not only
harsh mechanical stress (cyclic bending with the radius of curvature of 1 mm
and cyclic straining at 50%), but also environmental conditions (thermal

aging from —45 to 125 °C for 1000 cycles and humidity aging for 24 h at 85%
relative humidity). Further, through systematic experiments and theoretical
calculations, a @-hole receptor mechanism is proposed, which can effectively
elucidate the origin of the high sensitivity (up to parts per billion level) and
selectivity of the ionotronic sensing system. Consequently, this work provides a

Soft, skin-attachable sensing devices have
enabled the perception of infinitesimal
changes in the surroundings (i.e., pres-
sure and temperature) for intelligent
robots, medical diagnostics, and real-time
health monitoring.? In artificial sensing
platforms,  additional  functionalities
for chemical and biological sensing are
designed to incorporate and facilitate a
high quality of life.3! Because exposure to
toxic chemicals leads to millions of deaths
worldwide annually, the use of skin-attach-
able platforms for sensing toxic gases has
attracted considerable attention.’! For
example, toxic nitrogen dioxide (NO,) gas
molecules from automotive emissions
are associated with respiratory mortality
and morbidity, thus it must be monitored
along with other toxic chemicals.[6”]

To realize the practical sensing of
toxic gases via skin-attachable devices,
the sensor should be designed with long-

guideline for the design of ionotronic materials for the achievement of high-

performance and skin-attachable gas-sensor platforms.

term stability (chemical, thermal, and
mechanical robustness that enable reliable
collection of sensing signals on the human
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skin), high sensitivity, and selectivity under room-temperature
operating conditions. Additionally, to enable low-cost fabrication
for feasible large-scale commercialization, the implementation
of a printing processing technique (for example, spray-coating,
stamping, and inkjet printing) on stretchable substrates is one
of the best candidates to replace complex, multistep, conven-
tional optical lithography.®l Hence, for reliable signal acquisi-
tion in real-life operating environments, the development of
skin-attachable gas sensors with high sensitivity, selectivity, sta-
bility, and scaled fabrication (parameters collectively known as
4S) is essential.

Chemiresistors are particularly suitable for sensing
chemicals because of their flexibilities, high sensitivities, and
reversible sensing properties when compared with other tradi-
tional detection tools,”!% including gas chromatography-mass
spectrometer, ion flow-tube mass spectrometer,!? surface
acoustic wave sensors,!¥l and quartz crystal microbalance.'¥
Electrical sensing materials that have been intensively inves-
tigated for application in chemiresistors include semicon-
ducting metal oxides, > monolayer-capped metal particles,10-18l
metal nanowires,"! conductive polymers,/?! carbon nanotubes
(CNTs),21 and 2D materials.?>2 Among these, semicon-
ducting metal oxide materials have been widely used for highly
sensitive NO, detection; however, to attain high sensitivity,
these sensors inevitably require operating temperatures that are
too high (200-600 °C) for practical wearable sensors.[>-28 2D
materials, which include graphene,?”) transition metal dichal-
cogenides,% black phosphorus,?32l and Ti;C,T, (MXene),**!
have also been investigated for highly sensitive NO, sensing
because of the large number of adsorption sites created by
their large surface area-to-volume ratios, but insufficient envi-
ronmental (temperature, water, and oxygen stability) and
mechanical (strain) robustness, and inferior reversible sensing
properties still remain as challenges.

Green chemistry materials, such as ionic liquids (ILs), have
recently revolutionized multidisciplinary sciences, including
chemistry, physics, biology, and engineering, owing to their
unique physico—chemical properties.* For example, their
characteristics such as extremely low vapor pressure, non-
flammability, high conductivity, and high thermal stability
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allows ILs to be stable and hence, are applicable in various
exciting new sensors.3>3¢! Unfortunately, however, the high flu-
idity of ILs negatively impacts the electrical signal fluctuations
when responding to external mechanical deformation on wear-
able gas-sensing platforms.’”38 Previously, we reported solid-
state IL devices for gas-sensing induced by the miscibilization
of ILs in polymers, which exhibited high stretchability and
long-term stability.*”) However, a limited understanding of the
interaction between the target gases and ILs resulted in rela-
tively low sensitivity and selectivity of [L-based gas sensors than
those based on semiconducting metal oxides and 2D materials.
Also, the realization of skin-attachable gas sensors with 4S has
not been well developed.

Herein, we present a stretchable ionotronic gas-sensing
sticker (IGS) exhibiting 4S by implementing an IL-based, free-
standing solid-state polymer electrolyte (ionic thermoplastic
polyurethane, i-TPU) as the sensing channel and inkjet-printed
multiwalled carbon nanotubes (MWCNTs) as the electrodes.
The patterned electrodes were fabricated using a commercial
office inkjet printer with a homogeneous MWCNT conductive
ink on a sacrificial polyethylene terephthalate (PET) substrate.
The i-TPU free standing and stretchable sensing channel was
prepared by the non-covalent association of 1-ethyl-3-methylim-
idazolium bis(trifluoromethyl-sulfonyl)-imide ([EMIM]*[TFSI]
cation—anion pairs) loaded in the TPU polymer matrix via
solution processing. Through the scalable solution process,
we successfully fabricated the IGS over a large area (14 in).
The IGS showed high sensitivity to NO, gas in the order of
parts per million (ppm) to parts per billion (ppb). In addition,
theoretical density functional theory (DFT) simulation results
attributed the high sensitivity and selectivity to the stronger
molecular interaction (mhole receptor effect) between the IL
and NO, molecules than the interaction between the IL and the
other organic gas molecules (toluene, hexane, propanal, eth-
anol, and acetone). More importantly, the IGS exhibited highly
reliable detection of NO, after a thermal aging test with 1000
cycles (each cycle from —45 to 125 °C over a period of 30 min),
an aging test over 24 h with a high relative humidity (RH) of
85%, and harsh cyclical mechanical bending (up to a radius of
curvature of 1 mm) and stretching (up to strain of 50%) defor-
mations. Eventually, we believe that the IGS with 4S properties
for reliable signal acquisition will be able to monitor environ-
mentally toxic NO, gas in real-life operating environments.

Figure 1a shows a schematic illustration of the fabrication
process for the IGS using all-stretchable components, including
the solid-state i-TPU sensing channels and inkjet-printed
MWCNT electrodes. To realize scaled fabrication, an aqueous,
highly conductive MWCNT ink suitable for inkjet printing was
prepared. The kinetic ball-milling process was used to reduce
the particle size within the homogeneous MWCNT ink to
avoid clogging the nozzle of the inkjet printer. Subsequently,
to ensure adequate dispersion, the MWCNT ink was mixed in
an aqueous suspension with a naphthyl group-based non-ionic
surfactant. The printer employed the drop-on-demand method,
in which the size and release of an ink drop is well controlled by
the piezoelectric force (Figure Sla, Supporting Information).l*"!
To realize wearable and stretchable sensing platforms, the
MWCNT electrodes should be printed on a flexible PET sac-
rificial substrate. The interdigitated MWCNT electrodes were
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Figure 1. Schematic overview of the ionotronic gas-sensing sticker (IGS). a) Schematic of the fabrication process of the free-standing ionotronic
sticker using a commercial inkjet printer. b) Schematics and molecular formula showing the ionic sensing channel of the ionotronic sticker, which is
composed of a stretchable matrix (TPU) and an ionic liquid ([EMIM]* and [TFSI]7). The red and blue spheres represent the ionic liquid components;
[EMIM]* (red) and [TFSI]~ (blue). The yellowish polymer matrix (TPU) represents the soft and hard segments forming the blocks. c) Transmittance of
the ionic sensing channel. Inset: an image of the hierarchically assembled transparent ionic polymer film. d) Stress—strain curve and the absorption

properties of the ionic sensing channel.

highly uniform with a width of 200 um and were designed by a
personal computer (Figure S1b, Supporting Information). The
sheet resistance of the MWCNT electrodes was =2.9 kQ sq7},
which is sufficient for sensor electrodes (Figure S2, Supporting
Information). Detailed information on the preparation and
characterization of the MWCNT ink with the inkjet printing
process is described in the Experimental Section, Supporting
Information (see Figure S3, Supporting Information).

The i-TPU sensing channel was prepared via spin-coating on
the surface of the prepatterned MWCNT electrodes, and then
detached from the sacrificial substrate for the final IGS fabri-
cation process. The detailed i-TPU fabrication is described in
the Experimental Section, Supporting Information. The Raman
mapping image (5 um x 5 um) of the i-TPU channel reveals
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the distribution of ions ([EMIMJY[TESI]") in the TPU matrix
(Figure S4, Supporting Information). The Raman peaks of the
ILs were centered at 1146 cm™ for the SO, symmetric stretching
of the anions and at 1433 cm™! for the antisymmetric, C-C, (N)
CH,, and CH;(N)CN stretching of the cations. These two char-
acteristic peaks do not overlap with those of the TPU matrix
(not shown). The TPU has two characteristic peaks for polyester
(C=0) and urethane amide (C=0) centered at 1740 cm™! (Table S1,
Supporting Information).?”! The mapping image of the i-TPU
shows a uniform intensity ratio of [EMIM]* and [TFSI|” over
the entire scanned area, indicating evenly distributed ions in
the nanoscale in the TPU matrix. Previously, our group has
reported non-covalent interactions between [EMIMJY[TESI]
and the TPU matrix-the ILs served as a plasticizer.*! Such

(3 of 10) © 2021 Wiley-VCH GmbH
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interactions resulted in the partial intercalation of ions between
hard segments and the binding of ions to soft segments in the
TPU, thereby providing a well-mixed state without phase sepa-
ration (Figure 1b). Finally, as shown in Figure 1c, this enables
highly transparent and uniform properties of the hierarchically
assembled i-TPU channel (transmittance of 89.7% at 550 nm
wavelength).

One of the most important characteristics of flexible devices
used in wearable sensors is their mechanical properties. Diverse
materials are fabricated with differences of many orders of
magnitude in the Young's modulus (E), ranging from liquids
(Pa—kPa), elastic materials (MPa), and hard or brittle materials
(GPa). In particular, elastic materials can be mechanically com-
patible with biological tissues.'#3] Hence, to investigate the
mechanical properties of the solid-state i-TPU film, the stress—
strain curve was generated as shown in Figure 1d. The linear
behavior without saturation is clearly observed, exhibiting an
E of =2.8 MPa, which is comparable to that of the commonly
used polydimethylsiloxane material. Even up to a strain of
600%, degradation behavior was not exhibited. Furthermore, no
hysteresis loop of cyclic stress—strain curves was observed, cor-
responding to 10%, 20%, 30%, and 50% strain, respectively (see
Figure S5, Supporting Information). This reflects that the i-TPU
film is highly reliable against repeated strains which would be
generated by human motion.*% Eventually, it can be expected
that the i-TPU based IGS can be a promising skin-like material,
and possesses considerable potential for the realization of skin-
attachable electronics.

To observe the gas-sensing capability toward various target
analytes, the fabricated IGSs were mounted onto a homemade
gas-sensing chamber interconnected with a gas control delivery
system and a multiarray data acquisition module (Figure S6,
Supporting Information). Nitrogen (N,) was used as the refer-
ence gas, and the total flow rate of gases (N,, NO,, and volatile
organic compounds, VOCs) into the chamber was maintained
at 400 sccm during the measurements of the gas response.
By using a mass flow controller, Teflon tubing, LOK-type fit-
ting, and valve system, serial gases with exact concentrations
were well controlled. The electrical resistances of the channels
were monitored as a sensing signal using the data acquisi-
tion module. Detailed information on the measurement of the
resistance signals is described in the Experimental Section,
Supporting Information.

It should be noted that NO, gas is very harmful to humans
and is classified as an extremely hazardous substance. For
example, mild irritation of the nose and throat occurs at 10 ppm
of NO, exposure, edema occurs at the 25-50 ppm level, and
death can occur above 100 ppm due to asphyxiation from fluid
in the lungs.”l Importantly, there are often no symptoms from
exposure other than a transient cough, fatigue, or nausea, but
inflammation occurring for hours in the lungs causes edema.
Therefore, NO, gas was tested as the target analyte to validate
the sensing performance of the IGS.

Figure 2a shows the dynamic sensing responses of the IGS
at different concentrations of NO, gas for room-temperature
operations. When NO, was introduced into the i-TPU sensing
channel, an obvious negative resistance variation was observed.
The resistive response (AR/R;) was used to reflect the gas sensi-
tivity. R, and AR represent the baseline of the sensor measured
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in a pure N, stream and the resistance change resulting from
gas exposure, respectively. The resistive response tends to
increase as the concentration of NO, increased from 250 ppb
to 5 ppm. In particular, the limit of detection was found to be
down to 250 ppb. The resistive response (reported as a per-
centage) varied significantly at different concentrations of NO,:
0.72% (250 ppb), 2.05% (500 ppb), 14.98% (1 ppm), and 22.59%
(5 ppm). These results indicate that highly sensitive resistance
variation is capable of detecting gaseous NO, in daily life.

To precisely investigate the absorption speed of the NO,
molecules, the response times, 7y, (time taken to achieve 90%
of the minimum resistance level), of the ionic sensor versus
NO, concentrations ranging from 0.25-10 ppm are shown in
Figure 2b. Overall, the response time increased from 29-123 s
as the concentration of injected NO, molecules increase. This
indicates that much more time should be taken to dissolve
higher concentrations of gas molecules in the IL. Further,
the electrical reliability of the resistance variation of the ionic
sensor versus time is shown in Figure S7, Supporting Informa-
tion. With repeated injections of 10 ppm NO,, the resistance
of the IGS decreased significantly for sensitivity up to 41.5%.
Moreover, by purging with a N, stream, the resistance recov-
ered to the baseline level. Thus, it can be seen that the IGS
with inkjet-printed MWCNT electrodes was stable for certain
operation periods without a large drift in the baseline or a
reduction in the sensitivity. The highly reliable and sensitive
behavior is attributed to the reduction in the viscosity of the IL
after being exposed to the gases, resulting in a change in the
conductivity of the IL.

In order to confirm the highly selective response to the
NO, molecules for realizing wearable gas sensors in daily
life, we investigated the maximal electrical resistance change
(AR/Ry)may for various gas molecules: NO,, toluene, hexane,
propanal, ethanol, and acetone (Figure 2c). During the meas-
urements, the flow concentration of NO, into the chamber
was maintained at 5 ppm, whereas the other five VOCs were
sequentially introduced to the i-TPU sensing channel at a high
concentration of 1000 ppm. With such a large difference in
concentrations of the NO, and VOCs, the low concentration of
gaseous NO, (5 ppm) revealed a much more sensitive response
than the high concentration of VOCs (1000 ppm). The highly
sensitive response to the NO, molecules is attributed to the
greater influence of the interaction between the i-TPU sensing
material and the NO, gas than with the VOCs. To further con-
firm the reliability and selectivity of the IGS, the responses to a
pure gas (5 ppm NO,) and mixed gas (5 ppm NO, plus 5 ppm
toluene) were continuously tested for four cycles (Figure 2d).
With the repeated injection of the 5 ppm NO,, the sensitivity
remained at =22%. A similar sensitivity to the mixed gas was
observed; implying that 5 ppm toluene in the NO, gas mixture
had little effect on the overall sensitivity. Therefore, the IGS
could be used as a highly selective NO, detector. Moreover, by
purging with N,, the resistance nearly recovered to the baseline
level for each cycle, enabling the IGS to be highly reliable and
selective.

The sensing mechanism for the IL-based sensing channel
is presented in Figure 3a. The highly viscous characteristic
of the IL is derived from the cation-anion interaction. When
the IL absorbs gas, the dissolved gas molecules inhibit the ion
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Figure 2. Dynamic gas response of the IGS. a) Transient response—-recovery characteristics of the IGS toward the pollutant gas (NO,) in the concentra-
tion range from 0.25 to 5 ppm. b) The response time (7s) of the IGS to different concentrations of NO, gas molecules (0.25-5 ppm). c) Selective
responses of the IGS toward 5 ppm NO, in comparison to those of volatile organic compounds (propanol, acetone, ethanol, toluene, and hexane at
1000 ppm and toluene at 5 ppm) with different dipole moments. d) Reliability and selectivity of the IGS when sequentially exposed to 5 ppm NO, for

four cycles and to 5 ppm NO, mixed with 5 ppm toluene for four cycles.

interaction, resulting in the reduced IL viscosity and leaving
an increased number of free ions.¥! According to Seddon’s
equation,®! the viscosity of ILs after dissolving gas can be
described as

n=nesp( -2 )

where 7, and 7 represent the viscosities of the pure
[EMIM]*[TESI]” IL and gas-dissolved IL at 20 °C, respectively,
Xes is the mole fraction of the gas, and a is a constant for the
specific IL. The reduced viscosity of the IL simultaneously
leads to increased ion diffusivity and conductivity, which can be
explained by the Stokes-Einstein equation:[*’!

kyT

D=—"-—
6rnr

(2)

where D is the diffusion coefficient of the charged ions and
n is the viscosity of the IL. Consequently, negative resistance
variation signals were observed.

Further, in order to understand the origin of the high
sensitivities of the ILs to NO,, we performed a quantum chem-
istry study of the mechanism by which NO, was adsorbed by
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[EMIMJ*[TESI]” by employing the Gaussian 09 package.”® The
Truhlar's M06-2X functional,l!l which can properly describe the
dispersion energies for many non-covalent interaction systems,
was selected for the geometry optimization and frequency
calculations at the standard 6-31+G(d,p) basis set level. It has
been well established that NO, can easily dimerize exothermi-
cally to form N,O, (with a reaction energy of =~52.5 k] mol™
at the M06-2X/6-31+G** level).l’3] Thus, we can assume that a
more stable symmetric NO, dimer, such as N,0,, may directly
participate in the IL adsorption process. Recent work on the
highly reversible adsorption of NO, in imidazole sulfonate ILs
reported by Geng and Wu confirmed the existence of N,0,.>
Therefore, in addition to the NO, monomer, the interaction
mechanism between the ILs and NO, dimers was evaluated.
For comparison, the capturing nature of the ILs subjected to
toluene was also considered. The electrostatic potential (ESP),
which can assist in visualizing the charge distribution at the
molecular surface and identify the favorable interaction sites of
the adsorbates (NO,, N,0,, and toluene), cations, anions, and
ion pairs of the ILs, are illustrated in Figure 3b. With respect
to the positive and negative regions of the ESPs, the interac-
tion modes between the different species could be probed. For
example, the ESPs of the NO, and N,0, molecules possessed
positive regions above and below the sp?-hybridized N atoms,
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Figure 3. Sensing mechanism and the possible interaction energy of gases with configurations on the [EMIM]*[TFSI]™ ionic liquid using density func-
tional theory (DFT) calculations. a) Schematic illustration of the working mechanism for the IGS. The dashed lines indicate bounded ions due to the
ion—ion interaction, and the dashed circles indicate the dissociation of paired ions due to the ion—gas interaction. b) Molecular electrostatic potential
surfaces for NO,, toluene, N,Oy, [TFSI]", [EMIM]*, and [EMIM]*[TFSI]", where the red and blue colors denote the regions of more negative and more
positive charges, respectively. The isodensity contour is 0.0004 electrons per bohr?. c) Optimized structures and binding energies of the most stable
interaction modes for [EMIM]*[TFSI]=NO,, [EMIM]*[TFSI]—toluene, and [EMIM]*[TFSI]—N,O, at the M06-2X/6-31+G** level.
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which have been defined as zholes by Murray et al.> This pos-
itive region can attract the electrons of the O atoms in the TFSI
anion and establish the so-called mhole interactions. Another
interaction force arises from the hydrogen bond formed in
C—H from the cation and the O atom from NO, or N,0,. These
two types of non-covalent interactions contributed to the stabi-
lization of the NO, (N,04)-IL system. In the case of toluene-
[EMIM]*[TESI], the attraction may be primarily attributed to
the 7 (toluene)—7 (imidazolidium cation) interactions between
the two aromatic rings. Based on the above predictions, the
interaction between the anion (or cation) and the adsorbates
were considered first to establish the individual energetic con-
tribution to the sensitivity of the ILs to the different adsorbates.
The related results of the cation-adsorbate, anion-adsorbate,
and the isolated ILs are reported in Figures S8 and S9, Sup-
porting Information. Next, various possible orientations of 1:1
complexes formed between [EMIM]"[TFSI|” and the NO,, N,0,,
or toluene molecules were designed, and the optimized struc-
tures are presented in Figure S10, Supporting Information. The
most stable ones are shown in Figure 3c.

To quantitatively describe the interaction strength between
the ILs and adsorbates, the interaction energies were calculated
using Equation (3):

Eb = EILfadsorbate - EIL - Eadsorbate (3)

where Ej_agsobater Er, and  Engsorpae are the energies of the
[L-adsorbate complexes, isolated IL, and adsorbate, respectively.
As shown in Figure 3D, the calculated binding energies are —272,
-35.1, and —55.7 k] mol™ for the IL-NO,, IL~toluene, and I1-N,0,
complexes, respectively. The order of the interaction strength
implies the preferential adsorption of the NO, dimer on the ILs,
and the observed strong NO, sensitivity of the ILs can be reason-
ably reproduced. Upon further examination of the interaction
forces between the N,0, and ILs, the stronger interaction between
the N,O, and [EMIMJ*[TFSI]” could be understood. NO, possesses
a four-electron three-center 7 bond, while N,0, has an eight-elec-
tron six-center & bond. The larger delocalized system in the N,0,
makes the N—O bond more polarized with a more negative charge
on the O and a more positive charge on the N (N,O,: N = 0.586,
0 =-0.293; NO,: N = 0.554, O = 0.27/). Consequently, this change
in the electron distribution in the NO, dimer than that of the NO,
monomer results in stronger mhole (N,O4)-LP (O of the TSFI
anion) and C-H (imidazolium cation)-O (N,0O,) hydrogen bond
interactions. Furthermore, the strong simultaneous interactions
of the N,0, with both the cation and anion of the ILs through a
hydrogen bond and 7+hole interactions surpass the 77 stacking in
the IL-toluene complexes. The atoms in molecules analysis based
on the most stable structures shown in Figure S11 and Table S2,
Supporting Information, also confirmed the existence and relative
strength of the non-covalent interaction forces in [EMIM]J*[TFSI| —
NO,, [EMIMJ'TESI|-N,0,, and [EMIM]*[TFSI] —toluene. There-
fore, based on the DFT calculations, we can conclude that the
high sensitivity to NO, by [EMIM]*[TFSI]™ arises mainly from the
adsorption of the symmetric NO, dimer.

Practical wearable sensing requires the devices to be opera-
tional even under extreme conditions, including harsh envi-
ronments and severe mechanical deformations. To investigate
the environmental temperature stability of our ionic sensor, we
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used the NO, pollutant gas at 5 ppm for the thermal cycling
test, which was performed by increasing the temperature from
—45 to 125 °C in a period 30 min. As shown in Figure 4a, there
was no significant degradation in the sensitivity of our device
to the NO, gas after 250 cycles. Even after 1000 cycles, the mag-
nitude of the response maintained a value similar to that of
the raw status. This result indicates that the long-term thermal
stability of our ionic sensor can allow the sensor to operate in
various temperatures, owing to the intrinsic high thermal sta-
bility of each component material (IL, TPU, and MWCNTSs).

Moreover, to investigate the environmental humidity effect
on the performance of the ionic sensor, a harsh humidity test
was conducted. As shown in Figure 4b, after introducing a harsh
RH condition of 85% for 24 h, the magnitude of the response to
NO, was similar to the prestatus level without significant deg-
radation. The long-term environmental humidity stability of the
sensor originates from the water resistance of the i-TPU solid
electrolyte and the MWCNT electrode. The [EMIM]*[TFSI]™ ion
pairs have very poor miscibility with water,® and TPU also
shows high hydrophobicity.*®! Therefore, our solid-state i-TPU
electrolyte composed of the IL and TPU possessed two proper-
ties preventing water penetration. Finally, the high hydropho-
bicity of the MWCNTs in the electrode of our sensor is benefi-
cial for hydrophobic sensing materials.’]

An important trend in wearable sensing electronics is
mechanical flexibility, which requires the development of devices
that can withstand extremely small bending radii and large ten-
sile strains without any deterioration. Figure 4c shows a photo-
graph of the IGS stuck to the surface of a human arm. As shown
in Figure S12a, Supporting Information, the IGS exhibited rea-
sonable adhesion strength toward not only human skin, but also
rigid and flexible substrates. Attributing to the stable adhesion
property, the IGS displayed high resistance against twisting,
compressing, and even stretching deformation of human skin
(Figure S12b, Supporting Information). Note that this is a key
evidence to demonstrate a superior interfacing stability of the
IGS attached to human skin. Also, we conducted a bending sta-
bility test by bending the device into different radii. Figure 4d
shows the magnitude of the response to the 5 ppm NO,
pollutant gas after the device was bent with a radius of curvature
ranging from 9 to 1 mm. Even when bent to the severe radius of
1 mm, there was no appreciable electrical degradation. To fur-
ther confirm the stretchable stability of the IGS, we conducted a
stretching stability test by stretching the device to different levels
of tensile strain. Figure 4e shows the magnitude of the response
to the 5 ppm NO, pollutant gas after the device was stretched
with various strain: 0% strain, 25% strain, and 50% strain,
respectively. There was still no significant electrical degradation.
It is worth mentioning that the IGS could achieve a stable NO,
(5 ppm) response even after 300 cycles of extreme mechanical
stimuli (bending radius of 1 mm or cyclical straining to 50%), as
shown in Figure 4f, while maintaining the sensing capabilities of
the IL. Further, surprisingly, the sensing characteristics against
5 ppm NO, in the air was maintained even under mechan-
ical deformation (up to stretching state of 50%) (Figure S13,
Supporting Information), indicating that the IGS exhibits high
reliability that is critically required for wearable gas sensor.

In addition, Figure 5 highlights the ultraperformance of
the IGS exhibiting 4S properties compared with the most
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Figure 4. Ultrastable gas (NO; at 5 ppm) sensing characteristics of the IGS under various external stimuli. a,b) Stable NO, (5 ppm) response of the
IGS after: a) thermal aging for 1000 cycles (each cycle from —45 to 125 °C for a period of 30 min) and b) exposure to high humidity for 24 h (RH 85%).
c) Photograph of the skin-attachable IGS. Scale bar is 5 mm. d) Bending with different bending radii from 9 to 1 mm. e) Stretching with 0%, 25%, and
50% strain, respectively. f) Stable NO, (5 ppm) response of the IGS after cyclical bending with a bending radius of 1 mm or cyclical straining at 50%.

sophisticated classes of sensing materials. This work could
include all the parameter points and cover most of the space in
red. This implies that the IGS satisfies the primary 4S param-
eters. The details of other materials are shown in Table S3,
Supporting Information. Therefore, it can be noted that the
ultrastable IGS device designed by us is potentially more valu-
able for use in skin-attachable sensors than other high E-fragile
sensing materials, such as 2D materials and metal oxides.

In summary, a scalable, stretchable IGS with superior
chemical sensing performance was developed. The IGS was
fabricated by implementing the solid-state i-TPU sensing

itivi 0,
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Figure 5. The figure of merit for the IGS compared to reported NO, gas
sensor researches.
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material and inkjet-printed MWCNT electrodes. In particular,
the IGS suggested by us exhibited high sensitivity and selec-
tivity to toxic NO, gas molecules with a broad detection range
of concentrations from ppm to ppb, and it remained opera-
tional after experiencing harsh environmental conditions of
high temperature and humidity. Moreover, the IGS retained
the capability of sensing pollutant molecules after experiencing
mechanical deformations through bending and stretching. This
enables practical applications for wearable gas sensors. Further-
more, the fabrication of the materials by printing technology
and all-solution processing introduces a high-efficiency and
low-cost method to scale commercial production in the field
of wearable sensing electronics. We believe that the practical
parameters for the application of the concept presented here
can be useful for other ionotronic sensing materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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