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Underwater sensing has extraordinary significance in ocean
exploration (e.g., marine resources development, marine biology
research, and marine environment reconnaissance), but the great
difference between the marine environment and the land environ-
ment seriously prevents current traditional sensors from being
applied in underwater sensing. Herein, we reported a fully hydro-
phobic ionogel with long-term underwater adhesion and stability as
a highly efficient wearable underwater sensor that displays an
excellent sensing performance, including high sensitivity, rapid
responsiveness and superior durability. Of greater significance,
the ionogel sensor showed tremendous potential in underwater
sensing applications for communication, posture monitoring and
marine biological research.

Introduction

As a vast and mysterious treasure, the ocean has always
attracted people’s keen interest for exploration. Wearable
underwater sensing is of great significance for ocean explora-
tion because it plays a crucial role in ensuring the exploration
safety and improving the exploration efficiency by detecting
various signals from both the human and the environment.
However, although wearable sensors have attracted consider-
able attention and gratifying progress has been made for land
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New concepts

In this communication, we demonstrate a new ion-conducting gel with
long-term underwater stability for wearable underwater sensors and
communicators. Ion-conducting gels are regarded as one of the most
promising wearable sensors owing to their great advantages of tunable
mechanical properties, stretchability, biocompatibility and multi-
functionality. While ion-conducting gels have been studied and applied
widely in many fields, their operating environment has been confined to a
dry air because their inherent swelling behavior and ion diffusion prevent
them from being applied in an aquatic environment. Utilizing a fully
hydrophobic structure, this study enables ion-conducting gels to realize a
breakthrough in underwater applications, even in a seawater
environment. The fully hydrophobic structure endows the ion-
conducting gel with superior water-resistance, robust underwater
adhesion and outstanding underwater stability. Additionally, the fully
hydrophobic ionogel sensor displays an excellent sensing performance in
the underwater environment, including high sensitivity (a gauge factor of
1.30), rapid responsiveness (~37 ms) and superior durability (over 5
months). Furthermore, it is confirmed that the ionogel can be applied in
the fields of posture monitoring, biological research and underwater
communications, performing as a wearable underwater sensor and
communicator. Therefore, the fully hydrophobic ionogel is of great
significance for broadening the operating environment of ion-
conducting gels and accelerating their application in ocean exploration.

16 there is still a tremendous

applications in recent years,
challenge for realizing wearable sensors suitable for under-
water sensing applications because of the great difference
between the marine environment and the land environment.
Due to their great advantages of tunable mechanical properties,
stretchability, biocompatibility and multifunctionality,”® ion-
conducting gels have been regarded as one of the most promis-
ing wearable sensors and have been widely applied in wearable
and implantable devices,'”'" human health monitoring,'*"?
artificial skin,'*'* soft robots'®'” and so on. For example, Wu
et al.'® have developed a mechanically adaptable hydrogel-
based ionic skin sensor that has excellent compliance with
curved and dynamic surfaces based on its novel supramolecu-
lar mineral structure. In addition, the high-pressure sensitivity
of the mineral hydrogel sensor exhibits a great sensing
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performance for human motion. Unfortunately, due to the
swelling capacity of hydrophilic polymer networks'®*’ and
the diffusion of conducting ions,>"*? it is difficult for ion-
conducting gel sensors to maintain long-term stability under
high humidity conditions, resulting in their unsuitability for
application in water and marine environments. Therefore,
improving the underwater stability of ion-conducting gels is
the key to expanding their environments of application.

In fact, a great deal of effort has been devoted to solving the
problem of the swelling of hydrogels, and some useful methods
have been developed recently, such as solvent-exchange
strategies,>*>® high-crosslinking densities,>”>° and hydropho-
bic modification.**** For example, Deng and Cui et al.*® have
demonstrated a class of dynamic hydrogels through the Fe**-
induced self-hydrophobization process, which endows hydro-
gels with superior underwater stability and adhesion. These
specifically designed anti-swelling hydrogels via hydrophobic
modification or other strategies can undergo long-term immer-
sion in water; however, there is still a huge challenge to restrain
the diffusion and loss of conducting ions in the aquatic
environment because of a concentration gradient, resulting in
the decline and even full loss of conducting and sensing
capacities. Recently, Yu and Wu®? reported an underwater
ionogel sensor that utilizes fluorine-rich ionic liquid (IL) mono-
mers and a fluorine-rich IL, and the abundant ion-ion and ion—
dipole interactions between the IL (conducting ions) and the
poly(ionic liquid) can inhibit the ion diffusion effectively.
However, these strong interactions and the high content of
the polymer also suppress the migration of ions, which reduce
its ionic conductivity and sensing performance. Therefore, it is
crucial yet rather challenging to develop a long-term
underwater-stable, strongly adhesive and highly conducting
gel for wearable underwater sensing applications.

In addition to the concentration gradient, the solvation of
ions is also one of the important conditions for the rapid
diffusion process. Hence, the problem of diffusion and the loss
of conducting ions into the aquatic environment is expected to
be solved by suppressing their dissolution process. As is well
known, polyacrylates are not only a class of common hydro-
phobic polymers, but also possess outstanding water-resistance
and adhesive characteristics. These properties meet the
requirements of designing an anti-swelling network of the
adhesive gel. Inspired by this, we designed a fully hydrophobic
ionogel through the one-step polymerization of hydrophobic
acrylate monomers in a hydrophobic IL solvent. This fully
hydrophobic ionogel possesses excellent hydrophobicity,
robust adhesion and stable conductivity in the aquatic environ-
ment; it also exhibits a superior underwater sensing perfor-
mance, including high sensitivity, fast responsiveness, and
long-term stability. The investigation enabled its profound
potential application in ocean exploration.

In this work, the fully hydrophobic ionogel was prepared
using a facile method. First, 20 wt% monomer (tert-butyl
acrylate, ¢-BuA), 0.1 wt% crosslinker (ethylene glycol dimetha-
crylate, EGDMA) and 0.5 wt% thermal initiator (2,2-
azobisisobutyronitrile, AIBN) were dispersed in hydrophobic
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IL (1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
imide, [BMIm]TFSI) to prepare the precursor dispersion. Then,
the fully hydrophobic ionogel was formed by thermal-initiation
polymerization at 60 °C for 90 min. As shown in Fig. 1a, due to
the hydrophobic effect, the abundant hydrophobic tertiary
butyl moieties act as a diffusion barrier between the ionogel
domains and the water phase, terminating most of the sub-
stance transport across the boundaries of the ionogel, playing
an important role in suppressing the interfacial diffusion of
water molecules and ions. Besides, the intrinsic hydrophobicity
of [BMIm|TFSI can prevent ions from diffusing into the water
environment. In addition, the hydrogen bond, dipole-dipole
and ion-dipole interactions,**™*” between the polyacrylate poly-
mer network and [BMIm]TFSI not only ensure that the two
phases of the ionogel have good compatibility, but also help to
lock the IL in the ionogel. Furthermore, owing to these superior
properties, the fully hydrophobic ionogel shows great applica-
tion potential in the field of wearable underwater sensors and
communicators (Fig. 1b).

Results and discussion

The fully hydrophobic structure endows the ionogel with an
excellent water-resistance ability and long-term underwater
stability. As shown in Fig. 2a, four different ionogels synthe-
sized from the hydrophobic/hydrophilic monomers (¢-BuA; N,N-
dimethylacrylamide, DMAA) and the hydrophobic/hydrophilic
ionic liquids ([BMIm]|TFSI; 1-butyl-3-methylimidazolium tetra-
fluoroborate [BMIm]|BF,) were characterized using contact
angle measurements. Compared with the ionogels consisting
of hydrophilic components (DMAA or/and [BMIm]BF,), the
fully hydrophobic ionogel has the largest water contact angle
(WCA) of 86.9° indicating that the fully hydrophobic structure
is beneficial for improving the water-resistance ability of the
ionogel due to the synergistic effect between the hydrophobic
components. Besides, these ionogels were soaked in water to
study their stability in a real water environment. As shown in
Fig. 2b, although the swelling ratio of the fully hydrophobic
ionogel rose by 3.8% on the first day, there was no significant
change over the next 9 days. This variation tendency is attrib-
uted to the transformation of the hydrophobic interface. For
the fresh ionogel, the distribution of hydrophobic functional
groups (tertiary-butyl) at the interface is relatively sparse, which
would fail in preventing water molecular diffusion in the
beginning. However, due to the incompatibility between the
hydrophobic functional groups and water, the hydrophobic
polymers begin to move, and the hydrophobic functional
groups self-assemble and form a hydrophobic aggregation
through the hydrophobic interactions, just like the self-
assembly process of amphiphilic block copolymers in
water,*®? resulting in a lower surface free energy. The denser
hydrophobic interface can suppress the diffusion of molecules
more effectively (Fig. 2d). The WCA change of the fully hydro-
phobic ionogel confirmed this mechanism. As shown in Fig. 2c,
the WCA evolved from ~87° to ~120° after soaking in water,

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1mh00998b

Published on 30 Juli 2021. Downloaded on 01.02.26 22:07:12.

Materials Horizons

Monomer: t-BuA

I Crosslinker: EGDMA Hydrophoblc NPs

\ "N
> £\
lefu5|on barrier O\

e A o ’

‘H £
l H’C\\/cHa M -
0\(\,\_ <\
N\~

Iﬁjio/\,org sio,=© .|

Hydrophobic network

View Article Online

Communication

o |
N— & €
\/\/N\// ‘i‘iﬁ \ :
- Do [§ ,\ I
(o) - \\/N\// }/3{& |
CHj3 S\|< & “ :
|
|

y,/ o Hydrogen bond B
R4 . ion-dipole |nteract|onw
—

lww/c\g/w, MM/C\“/""W &

AN /I\‘ s \f’ :
Nic’i\CH () HC™ [ e, O ]
\

\ ,.,W/H\o/w

> «= == dipole-dipole mteracnon

~ Fully-hydrophobic ionogel ™
(o] underwater sensing and commumCatron

Fig. 1 Schematic of fabricating the fully hydrophobic ionogel for underwater sensors and communicators. (a) Structure of the fully hydrophobic ionogel.
(b) Potential applications in underwater sensing and underwater communication.

indicating that the fully hydrophobic ionogel possesses a
greater water-resistance ability, which is conducive to long-
term underwater stability. By contrast, driven by the osmotic
pressure originating from the concentration gradient, the sub-
stance (including water molecules and ions) transports freely
across the boundaries of the hydrophilic ionogel, resulting in a
dramatic change in the swelling ratio (Fig. 2b). The ionic
conductivity of the soaking solution was measured to analyze
the leakage behavior of the ionic liquid. As shown in Fig. 2e,
after soaking for 10 days, the soaking solution of the fully
hydrophobic ionogel had the lowest ionic conductivity of
0.28 mS cm ', confirming that the fully hydrophobic structure
can suppress the diffusion and leakage of conducting ions
effectively. While the ionic conductivity of the fully hydropho-
bic ionogel increased slightly from 1.6 mS cm ™" to 2.5 mS cm ™ *
early in the period due to the assistance of water molecules, the
value remained stable during the subsequent soaking process
(Fig. 2f). All the results confirmed that the pre-soaking-treated
fully hydrophobic ionogel can maintain its long-term stability
in the water environment. In order to improve its stability, the
ionogel that had been soaked for 3 days was chosen as the study
object for the subsequent experiments.

This journal is © The Royal Society of Chemistry 2021

The mechanical properties are one of the essential para-
meters for a strain sensor. In order to maintain the structural
integrity and sensing performance of the ionogel sensor under
large deformations, a certain mass of hydrophobic SiO, nano-
particles (NPs) was added into the fully hydrophobic ionogel as
a nanofiller to adjust the mechanical properties. As shown in
Fig. 2g and h, the mechanical properties of the ionogel were
measured via the tensile test. The breaking strain of the ionogel
gradually increased from 363.3% to 1145.7% as the SiO, con-
tent was increased from 0 to 3.0 wt% because the reversible
hydrophobic interactions between the hydrophobic network
and the hydrophobic SiO, NPs can dissipate the energy effec-
tively. Interestingly, the breaking stress and the modulus of the
ionogel achieve the maximum values of 115.6 kPa and 14.6 kPa,
respectively, when the SiO, content is 2 wt%, which may be
because of too high a SiO, content causing an uneven disper-
sion of SiO, within the ionogel. Taking into account both the
elongation and the strength, the ionogel with 2 wt% SiO,
exhibits a satisfactory strain range and mechanical safety.
Besides, the ionogel with 2 wt% SiO, shows good fatigue
resistance properties in the cyclic tensile tests (Fig. S1, ESIT).
Notably, after soaking for 3 days, the 2 wt% SiO,-based fully
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Fig. 2 Hydrophobic and mechanical performances of the fully hydrophobic ionogel. (a) WCA of various ionogels prepared using different monomers
and ILs. (b) Swelling behavior of various ionogels during the soaking process. Inset: Digital images of the fully hydrophobic ionogel before and after
soaking treatment. (c) WCA change of the fully hydrophobic ionogel during the soaking process. (d) Hydrophobic aggregation schematic diagram of
polymers after soaking treatment. (e) lonic conductivity comparison of the soaking solution for various ionogels, before and after soaking for 10 days.

(f) lonic conductivity change of the Pt-BuA-[BMIm]TFSI ionogel during the

soaking process. (g) Tensile curves of the fully hydrophobic ionogel with

different mass ratios of SiO, NPs. (h) Mechanical properties of the fully hydrophobic ionogel with different mass ratios of SiO, NPs.

hydrophobic ionogel exhibited a high and stable ionic con-
ductivity of 2.6 mS cm ™" (Fig. S2, ESIt), providing a reliable
basis for long-term stability and a brilliant sensing perfor-
mance. Hence, the 2 wt% SiO,-based fully hydrophobic ionogel
was selected for subsequent studies.

The fully hydrophobic ionogel demonstrated remarkable
adhesive properties. As shown in Fig. 3a, the fully hydrophobic
ionogel can robustly adhere to diverse materials (including
glass, plastic, silicone, textile, steel and copper) and hold the
substrate weight in both air and underwater environments. 90°
peeling-off tests were carried out to further evaluate the iono-
gel-substrate adhesion. As shown in Fig. 3b, in the underwater
environment, the peeling adhesive strengths of the ionogel
for glass, plastic, silicone, textile, steel, copper, nitrile rubber
and skin were about 373, 707, 702, 320, 179, 604, 178, and
200 N m™", respectively. When compared with the value in air
(Fig. 3c and Fig. S3, ESIT), there is no significant decline in the
adhesive strength. Furthermore, the ionogel exhibited good

2764 | Mater. Horiz., 2021, 8, 2761-2770

long-term adhesion stability and stable repeated adhesion
ability in underwater adhesion measurements (Fig. S4, ESIf).
The robust ionogel-substrate adhesion could be explained by
the synergy of chemical bonding and energy dissipation during
peeling. As illustrated in Fig. 3d, there are abundant and strong
dipole-dipole interactions, ion-dipole interactions, electro-
static interactions and van der Waals interactions between
the ionogel and the substrate. These reversible interactions
not only bond the ionogel and the substrate powerfully when
the two come into contact, but they also dissipate energy
effectively when the two come apart. More importantly, the
hydrophobic effect can destroy the hydrated layer of the under-
water adhesive and enhance the adhesion interaction in water.
As a demonstration, the fully hydrophobic ionogel can act as a
sealing tape to mend a hole and stop water leakage immedi-
ately (Fig. 3e and Video S1, ESIt). Strong underwater adhesion
contributes to the practical use of ionogel sensors and accurate
acquisition and output of sensing signals.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1mh00998b

Published on 30 Juli 2021. Downloaded on 01.02.26 22:07:12.

Materials Horizons

Substrate

Electrostatic Van der Waals ’,
interactions

interactions R g “interactions

View Article Online

Communication

b 1000
E =
~
£ 1004
r
=] Glass Plastic
3 10 Silicone Textile
S ———— Steel Copper
2 —— Nitrile rubber
——— Skin
0 5 10 15 20 25 30 35 40
Displacement (mm)
800
- |:Air EUnderwater
EGOO-
<
=
B 400
3
~
)
© 200 : I I ' m
°
e
0

Qe ?\35‘ 5\.\¢o“ & *x\ s@e o® x“\ ot ot®

Adhesion

Fig. 3 Adhesive performance of the fully hydrophobic ionogel. (a) Adhesive behavior of the ionogel with various substrates in air/under water. (b) Peeling
curves of the ionogel with various substrates under water. (c) Adhesion strength of the ionogel with various substrates in air/under water. (d) Adhesion
mechanisms between the ionogel and the substrate. (e) Digital images of mending a hole.

Owing to its satisfactory mechanical properties, high ionic
conductivity, robust adhesive ability and outstanding under-
water stability, the fully hydrophobic ionogel can be used as an
underwater strain sensor. As shown in Fig. 4a, the fully hydro-
phobic ionogel sensor exhibited high sensitivity and a broad
sensing range in the underwater environment. The gauge factor
(GF) was calculated to quantify the sensitivity of the ionogel
sensor. The relative resistance of the ionogel sensor linearly
increased as the strain was increased to 400%, and the ionogel
presented a high GF in the tensile strain process. For example,
the GF reached a maximum value of 1.30 in the strain range
of 0-100%, which is a competitive and even superior perfor-
mance compared with other previously reported ionogel strain
sensors for air applications."****>*! This high sensitivity and
wide linearity of strain is attributed to its good mechanical
properties, high ionic conductivity and the presence of SiO,
NPs. As shown in Fig. S5a (ESIT), when the ionogel is stretched,
the SiO, NPs will aggregate in the unit cross-section of the
ionogel, which greatly impedes the migration of ions and
sharply increases the resistance. The lower GF value of the 0
wt% SiO,-based ionogel sensor also confirmed this hypothesis
(Fig. S5b, ESIY).

Due to its high sensitivity and recoverability, the relative
resistance of the ionogel sensor showed reversible and stable

This journal is © The Royal Society of Chemistry 2021

changes over a wide strain range, including low strains (5-30%)
(Fig. 4b) and high strains (50-400%) (Fig. S6, ESIt), which
suggested that the ionogel sensor shows perfect reliability for
detecting various strains. Moreover, the ionogel sensor exhib-
ited good frequency responsiveness, which plays a vital role in
wearable applications. As shown in Fig. 4c, the ionogel sensor
can continuously, rapidly and accurately monitor the different
strain frequencies from 0.1 to 1.5 Hz. The response speed is
another key parameter for evaluating the sensing performance.
When the ionogel sensor was stretched and allowed to recover
quickly, the response times for stretching and recovering
processes were 37 ms and 98 ms (Fig. 4d), respectively, even
faster than that of human skin (~100 ms).** This fast signal
responsiveness endows the ionogel sensor with real-time mon-
itoring ability. As shown in Fig. 4e, there is negligible hysteresis
between the relative resistance and the tensile strain, indicating
that the output response signal can synchronize with the input
strain signal, thereby realizing real-time detection and output
of the motion signal. In addition, although the temperature
change of water can greatly affect the ionic conductivity of
the ionogel, its relative resistance is still stable, and the
ionogel sensor can operate with steady sensitivity over a wide
water temperature range of 0-80 °C (Fig. 4f). This temperature
insensitivity can significantly decrease the effect of the

Mater. Horiz., 2021, 8, 2761-2770 | 2765
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comparison of the ionogel sensor before and after soaking for 5 months.

temperature change and greatly improve the environmental
adaptability of the sensor. Furthermore, the ionogel sensor
demonstrated prominent fatigue resistance to strain sensing.
As shown in Fig. 4g, after undergoing 5000 loading-unloading
cycles, the relative resistance intensity of the ionogel sensor
declined negligibly due to its stable mechanical properties and
electrical properties. This sensing stability confirms the dur-
ability and usability of the ionogel sensor in the underwater
environment. More significantly, the ionogel still presented a
stable and consistent relative resistance even after 5 months of
soaking treatment, although a slight intensity decay of ~4.7%
was found because of the unavoidable degradation (Fig. 4h).
This amazing underwater stability, derived from full hydropho-
bicity, is expected to greatly extend the lifespan of the ionogel
sensor in practical applications.

This ionogel sensor, which features an excellent perfor-
mance, including robust adhesion, high sensitivity, a fast
response speed and long-term sensing stability, has great
potential for multifunctional underwater applications. As

2766 | Mater. Horiz., 2021, 8, 2761-2770

shown in Fig. 5a, the ionogel sensor was fixed on a finger to
monitor its bending motion under water. When the straight
finger was gradually bent from 0° to 90°, the output signal
intensity of the relative resistance steadily increased synchro-
nously due to the stretching of the skin. By contrast, the relative
resistance gradually decreased when the finger was returned to
the straight state. Additionally, the change tendency of the
relative resistance can also be used to distinguish between
the bending and restoring processes of the finger. For instance,
the increasing relative resistance implies that the finger is
bending, and the decreasing signal implies that the bent finger
is being restored.

Furthermore, the ionogel sensor attached to a finger can be
applied as an efficient piece of underwater communication
equipment (underwater communicator) for divers by monitor-
ing and outputting the finger motion signals. It is universally
acknowledged that diving is one of the most important ways to
investigate the submarine resources, but it is inefficient and
dangerous for divers where there is the lack of an effective

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Applications of the fully hydrophobic ionogel sensor for underwater communication and underwater human motion monitoring. (a) Relative
resistance variation of the ionogel sensor under different bending angles of the finger. (b) Schematic diagram of the underwater communication
mechanism based on the Morse code. (c and d) Sending the message of “SOS" (c) and “take a 3 min stop” (d) by bending the finger regularly under water.
(e) Schematic diagram of the ionogel sensor monitoring human motion during swimming. (f—h) Relative resistance variation of the ionogel sensor when
monitoring the breath (f), kicking the leg (g) and the swimming stroke (h) during swimming by fixing the ionogel sensor on the cheek, knee and shoulder,
respectively. (i) Relative resistance variation of the ionogel sensor in rotated water with a revolving speed of 0-2000 rpm.

underwater communication method. In this work, by using the
coding principle of Morse code, that is the combination of
“dots” and ‘“dashes”, and matching the finger bending status
to “dots” and “dashes’”, we established a new underwater
communication mechanism—the small bending state (~40°)
represents the ‘“dots”, and the large bending state (~70°)
represents the ‘“dashes” (Fig. 5b). Thus, through the contin-
uous combination of finger bending episodes, a series of useful
messages can be easily sent in the underwater environment. As
a validation, some simple demonstrations were carried out.

This journal is © The Royal Society of Chemistry 2021

During a dive, the diver wearing an ionogel communicator can
send a short message of “SOS” by rhythmically bending their
finger to call for help in the case of danger (Fig. 5¢), and send
the message of “OK” to their partner when they arrive safely at
the designated location (Fig. S7a, ESIt). Similarly, when the
diver is short of oxygen, they can turn to their partner for
oxygen by sending “‘share air” (Fig. S7b, ESIt). Before surfacing,
the diver can remind their partner to make a safe stop to
prevent decompression sickness by sending a long message
of “take a 3 min stop” (Fig. 5d). As demonstrated above, the
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ionogel sensor is expected to promote underwater exploration
by providing a practical means of underwater communication.

In addition to the finger, the ionogel can be attached to
other parts of the human body as wearable sensors to monitor
human sports, such as swimming (Fig. 5e). As shown in Fig. 5f,
the ionogel sensor was adhered to the cheek of a volunteer to
monitor and record the breathing process during a simulated
swim. The ionogel sensor can accurately perceive and differ-
entiate the intensity and frequency of the breath, meaning that
the fatigue level of the swimmer can be roughly evaluated, and
reasonable suggestions can be provided in time. In addition,
leg and arm movements can be continuously detected in real
time by fixing the ionogel sensor to the knee and elbow (Fig. 5g
and Fig. S8a, ESI{). More interestingly, owing to its high
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sensitivity, the ionogel sensor can be used to distinguish
swimming strokes (breaststroke and crawl) by monitoring the
motion of the shoulder (Fig. 5h). When the ionogel was
adhered to the back of the hand, it can also be used to detect
the action of striking water during the swimming process
(Fig. S8b, ESIt). It is worth noting that the water disturbance
caused by sports has no significant effect on the sensing signal.
The ionogel sensor attached to the finger was soaked in rotated
water to study its sensing stability. As shown in Fig. 5i, the
sensing signal of the finger motion remained stable all the
time, although the revolving speed of water increased from
0 rpm to 2000 rpm. The good anti-disturbance capacity
ensures the accuracy and reliability of the underwater sensing
signal. These results suggest that the ionogel sensor has great
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Fig. 6 Applications of the fully hydrophobic ionogel sensor for underwater biological monitoring. (a) Relative resistance comparison of the ionogel
sensor in salt solution with different NaCl contents. (b) Analog circuit of the ionogel sensor in conductive soaking solution. (c) Relationship between the
gauge factor of the ionogel sensor and the ionic conductivity of the soaking solution. (d—f) Relative resistance variation of the ionogel sensor monitoring
the swimming of an aquatic snake model (d), the paddling of a turtle model (e) and the eating of a dolphin model (f) in the simulated seawater. (g) Real-
time sensing signal of the ionogel sensor monitoring shark model's swimming states, including resting (i), swimming slowly (ii), fast swimming (iii), leaping
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2768 | Mater. Horiz., 2021, 8, 2761-2770

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1mh00998b

Published on 30 Juli 2021. Downloaded on 01.02.26 22:07:12.

Materials Horizons

potential in security warning, motion monitoring and posture
correction for underwater sports.

Different from the simulated water environment mentioned
above, some natural waters (e.g., salt lakes and oceans) contain
a certain concentration of salts. Thus, the ionogel was soaked
in a salt solution with a certain concentration of NacCl to study
its availability in such a real-water area. As shown in Fig. 6a,
although the relative resistance rapidly decreased as the NaCl
content was increased from 0 wt% to 4 wt%, the detection
signal is still accurate and discernible even at the high NaCl
content of 4 wt%. This phenomenon of decreased sensing
intensity is attributed to the increased ionic conductivity of
the solution. In this system, the conductive NaCl solution,
acting as a fixed resistor, is in parallel with the ionogel sensor
in the circuit (Fig. 6b). Therefore, the resistance change in the
tensile process will be mainly affected by the resistance of the
NacCl solution. According to the simplified derived formula for
the GF value (eqn (S7), ESIt), the GF value decreased with the
decreasing solution resistance. This conclusion is in good
agreement with the experimental results that there is a negative
correlation between the GF value and the conductivity of the
NaCl solution (Fig. 6¢). Besides, the sensing feasibility of the
ionogel sensor in highly conductive solutions (64.2 mS cm ™,
4 wt% NaCl solution) implies that it can be used in most
natural waters due to the inherent high ionic conductivity of
the ionogel sensor. As a demonstration, the ionogel sensor was
attached to some underwater animal models to detect their
motions in simulated seawater (3.5 wt% NaCl solution). As
shown in Fig. 6d-f, the sensing signals of various motions,
including the swimming of an aquatic snake model, the pad-
dling of a turtle model and the eating of a dolphin model, were
clear and distinguishable. Furthermore, the ionogel sensor can
accurately monitor various continuous and complex move-
ments of underwater animals in real time if it is fixed on a
suitable part. A shark model with a shakable tail was chosen for
the demonstration, and the ionogel sensor was attached to the
right side of the shark model’s tail. As shown in Fig. 6g and
Video S2 (ESIt), the electrical signal of the tail’s motions can be
continuously captured during the swimming process. In addi-
tion, by distinguishing the intensity and frequency of the
signal, the shark’s various swimming modes can be estimated,
including rest, swimming slowly, fast swimming, leaping out of
the water, turning right and turning left. For example, the
swimming speed can be evaluated by the signal frequency
because the speed is determined by the swing frequency of
the tail. When the shark is turning right or left, the tail will
bend to the left or right for a longer time, and the ionogel
sensor is correspondingly in a state of stretch or compression.
Thus, the direction of the turn can be judged by the signal
intensity and duration period. The big difference in conductiv-
ity between the simulated seawater and air can lead to a drastic
change in the signal intensity, which provides a reliable criter-
ion of whether or not the shark is out of the water. The above
demonstrations fully demonstrate the great potential of ionogel
sensors in studying and tracking the living habits of marine
organisms. Although the risk of liquid leakage is low at high

This journal is © The Royal Society of Chemistry 2021
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pressure due to the abundant and strong interactions between
polymer networks and ionic liquids (Fig. S9, ESIt), the possible
ecological safety of this ionogel needs to be further studied,
especially in the deep-sea environment.

Conclusions

In summary, a fully hydrophobic ion-conducting ionogel with
excellent long-term underwater stability was successfully devel-
oped by the simple one-step polymerization of hydrophobic
monomers in a hydrophobic IL solvent. By establishing the
diffusion barrier, the fully hydrophobic structure not only
endowed the ionogel with outstanding water resistance, but
also suppressed the diffusion of ions effectively, leading to a
stable ionic conductivity under the water. Besides, the great
hydrophobic properties also enhanced the adhesion of the
ionogel in the underwater environment by destroying the
hydration layer. Furthermore, due to its satisfactory conductiv-
ity, good mechanical properties and prominent long-term
underwater stability, the ionogel exhibited high sensitivity, a
wide strain range, rapid responsiveness and superior durability
when it performed as an underwater strain sensor. Moreover,
the ionogel sensor can accurately detect the body motions of
human and aquatic life for posture monitoring and biological
research in the complex underwater environment, even in
simulated seawater. More significantly, performing as the
underwater communicator, the ionogel sensor can be used to
efficiently transmit information through monitoring the regu-
lar bending of a finger and utilizing the principle of Morse
code. As a promising candidate for a water-resistant ion-
conducting gel, the fully hydrophobic ionogel exhibits excellent
underwater sensing and communication performance for
potential ocean applications and provides a simple and effec-
tive route for next-generation wearable underwater sensors and
communicators.
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