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lonic gels have promise in a range of applications but are limited in extreme
environments. Here, we report a method for preparation of an ionic gel with
improved mechanical properties, through the formation of a micro-orientated
structure and increased crystallisation and aggregation of polymer chains. The
resulting ionic gels exhibit tunable mechanical properties, including high
strength (18.1-62.2 MPa), toughness (56.8-123.7 M) m~), modulus

(18.8-187.8 MPa), and excellent impact resistance. These gels exhibit greater
energy dissipation than Kevlar under comparable impact velocities. Molecular
dynamics simulations reveal that the localised alignment assisted salting-out

process enhances hydrogen bonding and chain interactions, improving
structural stability. This strategy is also effective in other polymer systems,
such as PAAM hydrogels, demonstrating broad applicability. Overall, this
approach greatly enhances the mechanical and protective performance of
ionic gels for demanding applications.

lonic gels'™, known for their excellent conductivity, electrochemical
stability, and non-volatility, have demonstrated broad application
potential in fields such as flexible electronics, soft robotics, protective
equipment, and aerospace’”’. However, traditional ionic gels often
suffer from low mechanical strength and are prone to fracture, which
limits their reliability in extreme environments. With increasingly
complex application scenarios particularly in conditions involving
extreme temperatures, high-impact forces, and intense vibrations-
mechanical toughness has become a critical factor. These challenging
conditions, commonly encountered in automotive safety, aerospace,
and personal protective equipment, not only risk degrading equip-
ment performance but may also directly threaten human safety.
Therefore, enhancing the mechanical properties of ionic gels to meet
the demands of these high-intensity and complex environments has
become an urgent technical challenge®°. Developing ionic gels with
high toughness and impact resistance could bring greater reliability
and safety to the next generation of flexible electronics and protective
equipment.

Currently, strategies to enhance the toughness of high-
performance ionic gels focus mainly on physical and chemical mod-
ifications to improve their mechanical properties. These methods
include mechanical training™ >, filler incorporation' ¢, and directional
freezing” ™. For example, mechanical training applies external force
during fabrication to induce ordered microstructures within the gel,
thus improving its strength and fracture toughness. However, gels
produced by mechanical training often show reduced stretchability,
making them unsuitable for applications that require high extensi-
bility. The Hofmeister effect’*?, through the introduction of spe-
cific ions, can also induce more stable ionic and hydrogen bond
networks between polymer chains, enhancing toughness and fati-
gue resistance while maintaining flexibility. For instance, He et al.”
used a freeze-assisted salting-out treatment to create a layered
polyvinyl alcohol (PVA) hydrogel structure with high anisotropy,
containing micron-scale honeycomb walls connected by nanofiber
networks. Inspired by biological systems, Gong et al.** applied
confined drying to create hydrogels with perfectly aligned, multi-
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scale fiber structures, yielding performance comparable to cartilage
and tendons.

Most current studies use salt solutions for the salting-out process;
in this study, however, we employ ionic liquids® . lonic liquids offer
greater ion-exchange capacity and thermal stability, forming a robust
molecular network among polymer chains. By combining this with a
localized alignment assisted salting-out technique, in which the orga-
nogel is fixed at both ends, we can restrict its freedom to shrink during
the ionic liquid exchange, resulting in tensile stress along the gel’s
length. This process gradually stabilizes a highly ordered micro-
oriented structure during salting-out. Additionally, the tensile stress
promotes further aggregation and crystallization of PVA chains, ulti-
mately leading to a highly entangled and micro-oriented structure.
Unlike traditional salt solutions, ionic liquids offer greater ion-
exchange capacity, better thermal stability, and the ability to form
robust molecular networks among polymer chains. These features
allow ionic liquids to produce gels with improved mechanical prop-
erties. However, the process can be limited by the tendency of ionic
gels to shrink uncontrollably during salting-out, which leads to aniso-
tropic stress distribution and compromises their uniformity and
structural stability. Addressing these shortcomings requires innovative
strategies to maintain structural order while harnessing the benefits of
ionic liquids.

As a result, the highly strong and tough PVA ionic gel was devel-
oped by a synergistic strengthening strategy of in situ localized
alignment and salting-out. The resulting ionic gels exhibit tunable
strength (18.1-62.2 MPa), toughness (56.8-123.7 MJ m™), and modulus
(18.8-187.8 MPa). More importantly, the PL-gel shows excellent pro-
tection against puncture damage, with a maximum puncture force of
139.7 £12.3 N and puncture energy of 2.6 + 0.2 J/m. Under high-speed
ballistic impact, the PL-gel achieves an extraordinary energy dissipa-
tion of 18.4 kl m™, even exceeding Kevlar at similar impact velocities.
Furthermore, molecular dynamics simulations reveal that localized
alignment assisted salting-out strategy effectively increases the num-
ber of hydrogen bonds as well as strengthens the hydrogen bonds.
This significantly suppresses the motion of the ethylene glycol net-
work and enhances interactions between molecular chains, thereby
improving the overall structural stability of polymer network. Finally,
the generality of this toughening strategy is demonstrated by applying
it to PAAM hydrogels, indicating the broad applicability of localized
alignment assisted salting-out across different polymer matrices. The
results show that this approach not only significantly improves the
mechanical properties and anti-impact capability of ionic gels but also
offers broad adaptability, opening possibilities for developing high-
performance, impact-resistant materials towards advanced applica-
tions in flexible electronics, protective equipment, and beyond.

Results

Preparation and mechanical properties of PL-gel

Figure 1a illustrates the manufacturing process of high-strength and
tough PVA ionic gel via in situ localized alignment and salting-out
synergistic enhancement strategy, characterized by strong force-
induced aggregation. Initially, ethylene glycol and polyvinyl alcohol
(PVA) were heated to 130 °C and thoroughly mixed, then poured into a
custom mold and frozen to obtain a preliminary organic gel. This
organic gel was then fixed onto a polyurethane (PU) plate and
immersed in an ionic liquid for ion exchange, resulting in the forma-
tion of the PL-gel. During this process, the ionic liquid replaces the
ethylene glycol within the organic gel, enhancing the hydrophobic
interactions between PVA chains and establishing strong three-
dimensional supramolecular interactions among the polymer seg-
ments (Fig. 1b). As shown in Fig. 1c and Supplementary Fig. 1, the
resulting PL-gel exhibits high transparency, with transmittance
exceeding 90% across the visible light wavelength range
(300-750 nm). Since both ends of the organic gel are fixed, its width

and thickness contract while its length remains unchanged. This
design limits the gel’s free shrinkage during the replacement process,
causing it to experience tensile stress along the length direction
(Supplementary Fig. 2). As this tensile stress is applied, the physical
cross-linking points between the molecular chains gradually align
along the tensile direction, forming a more ordered micro-orientation
structure. This micro-orientation is progressively established and sta-
bilized during the salting-out process, preserving the gel’s tensile
strain. Ultimately, this in situ localized alignment assisted salting-out
strategy leads to significant entanglement and micro-orientation of the
PVA chains, endowing the ionic gel with high strength, toughness, and
hardness. The synergistic effects of micro-orientation and entangle-
ment allow PVA chains to achieve uniform orientation structures under
tension, while the entanglement effect enhances stress transmission
along the polymer chains, further improving the material’s toughness.
As shown in Supplementary Fig. 3, the PL-gel can withstand a load of
10 kg water bucket (58823 times its own weight) without damage, as
well as can bear tensile, twisted, and knotted stretching, confirming its
exceptional strength and toughness.

To further investigate the chemical structure of the PL-gel,
Fourier-transform infrared (FT-IR) spectroscopy was conducted
(Fig. 1d). The hydroxyl (O-H) stretching vibrations of ethylene glycol
and PVA appear as broad and intense peaks around 3300 cm™, con-
firming the presence of hydroxyl functional groups within the gel
network. The vibrational peak of 1-butyl-3-methylimidazolium tetra-
fluoroborate (IL) appears near 1570 cm™, and a similar peak is observed
in the ion-exchanged PVA ionic gel, indicating that the ionic liquid has
infiltrated into the ionic gel. EDS and XPS results further validate the
introduction of the ionic liquid, with B and F peaks detected in both PL-
gel and PD-gel (Fig. le and Supplementary Fig. 4). Moreover, EDS
results show a uniform distribution of the characteristic elements F
and B in the PL-gel (Supplementary Fig. 4). Besides, SEM images reveal
a highly uniform microstructure of the PL-gel (Supplementary Fig. 5).
To characterize the internal orientation structure of ionic gels, small-
angle and wide-angle X-ray scattering characterization was employed
(Supplementary Fig. 6). Compared to the organic gel, the 1D WAXS
data of PD-gel and PL-gel show increased peak intensity and sig-
nificantly reduced half-peak width, confirming the enhancement of
crystallization and crystal size during the ionic liquid salting-out pro-
cess (Fig. 1f). At the same time, the 2D SAXS azimuthal integration
curves of the PVA gel before and after the in situ localized alignment
assisted salting-out process confirm the formation of a micro-oriented
structure induced by the in situ fixation strategy (Supplementary
Fig. 7). As shown in the 1D SAXS profiles, the peak position of the
salting-out-only samples shifts toward higher q values, indicating a
reduced average spacing between crystalline domains (Supplementary
Fig. 8a, ¢). Notably, the localized alignment-assisted salting-out sam-
ples exhibit a further shift of the SAXS peak toward higher q values
(Supplementary Fig. 8b, d), suggesting a more pronounced reduction
in interdomain spacing and enhanced crystallinity. These results indi-
cate that localized alignment effectively induces micro-orientation of
polymer chains and promotes the formation of a denser and more
ordered crystalline structure. This structural reorganization sig-
nificantly contributes to the improved mechanical performance of the
gel, as the aligned and enlarged crystalline domains serve as efficient
load-bearing elements and energy dissipation centers, thereby
enhancing the overall toughness of the material. XRD measurements
were performed to analyze the crystalline structure of the three types
of gels, and their degrees of crystallinity were calculated accordingly
(Supplementary Fig. 9). Among them, the PL-gel exhibited the highest
crystallinity at 54.0%, supporting the conclusion that localized align-
ment induced by fixed-orientation salting-out effectively promotes
polymer chain alignment and crystallization. The tensile strength of
the organic gel is 2.4 MPa, while PD-gel and PL-gel exhibit tensile
strengths of 19.5MPa and 26.2 MPa, respectively (8.3 and 11.1 times
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that of the organic gel). Their toughness values are 109.5 MJ/m?3 and
123.7 MJ/m3, which were 10.7 and 12.1 times that of the organic gel
(10.3 MJ/m®) respectively, surpassing most strategies reported in the
literature (Fig. 1g, h). The compressive strength of the PL-gel also
increased from 1.3 MPa for the organic gel to 12.4 MPa at 50% strain
(Supplementary Fig. 10). Additionally, the tensile strength and tough-
ness of PL-gel exceed those of PD-gel, highlighting the critical role of
the synergistic effects of localized alignment and salting-out-induced
entanglement in enhancing performance.

Design strategy for strengthening and toughening PVA ionic gel
To further understand the toughening effect of [Bmin]BF, on PVA
organogels, different PL-gels were prepared using NaCl, NH,SO,,
C¢HsNa305, and [Bmin]BF, to assess the Hofmeister effect of [Bmin]
BF, (Fig. 2a). Compared to conventional PVA salting-out agents,
ionogels salted with the ionic liquid [Bmin]BF, exhibited the highest
toughness (109.5+10.9 M) m™*) and modulus (52.3 +9.4 MPa), as well
as the greatest fracture strain (1012.5+105.0%) and tensile strength

Solution substitution

Disordered

(19.5+1.5MPa). This suggests that the interaction between the ionic
liquid and PVA molecular chains is stronger, resulting in a more stable
network structure (Fig. 2b, c¢). To clarify the influence of polymer
concentration on the mechanical performance, we conducted addi-
tional experiments to determine the polymer concentration after the
ionic liquid exchange. Since the total mass of polymer chains remains
unchanged during the salting-out process, the polymer concentration
(Cp) of the final PL-gel was estimated by measuring the mass of the gel
before and after salting-out, using the following equation:

_ Morganicgel B:4%

Cp - (1)

mPL—gel

where My ganicger 1S the total mass of the organic gel before salting-out,
Mp g is the total mass of the PL-gel after salting-out, and 18.4%
represents the PVA content in the organic gel. The results show that
the PL-gel possesses the highest polymer concentration among all
tested samples. This is attributed to the synergistic effect of pre-
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Fig. 1| Preparation and mechanical properties of PL-gel. a Schematic illustration
of the preparation process of PL-gel. b The intermolecular interactions between

PVA, EG, and ILs. ¢ Optical transparency of PL-gel samples. d FT-IR spectra of the
ionic liquid, PVA, EG, organic gel, PD-gel, and PL-gel. e XPS spectra of the organic

gel, PD-gel, and PL-gel. f 1D WAXS curves of the organic gel, PD-gel, and PL-gel.

g Stress-strain curves of the organic gel, PD-gel, and PL-gel. h Comparison of
toughness and tensile strength among the organic gel, PD-gel, and PL-gel. Data in
(h) are presented as the mean + SD from n =3 independent samples.
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Fig. 2 | Design approaches for enhancing the strength and toughness of PVA
ionic gels. a Tensile stress-strain curves of PVA organogels salted out with NaCl,
NH,4S0,, C¢HsNa3;0-, and [Bmin]BF,. b Comparison of tensile strength and fracture
strain. ¢ Comparison of toughness and Young’s modulus. d Tensile stress-strain
curves of PL-gel pre-stretched to 0%, 25%, 50%, and 75%. e Comparison of tensile
strength and fracture strain. f Comparison of toughness and Young’s modulus.

g Tensile stress-strain curves of organogel and PL-gel samples with and without
notches. h Comparison of toughness and Young’s modulus between PL-gel and
other reported gels. i Comparison of toughness and tensile strength between PL-gel
and other reported gels. Data in (b, ¢, e, f) are presented as their means + SDs from
n=3 independent samples.

stretching and localized alignment salting-out, which facilitates
solvent expulsion and promotes densification of the polymer network,
thereby enhancing the mechanical strength (Supplementary Table 1).

Figure 2d compares the tensile stress-strain curves of PL-gels
under various pre-stretching conditions. With increasing pre-stretch-
ing, the tensile stress of the ionogels significantly rises, while the
fracture strain and toughness decrease accordingly (Fig. 2e, f). Pre-
stretching design facilitates the formation of fibrous polymer chain
structures in the ionogel, which increases the fracture stress. At the
same time, the alignment of PVA chains limits further stretching of the
fibrous structure due to pre-stretching, leading to premature fracture
at lower strain levels. Images in Supplementary Fig. 11 show PD-gels
and PL-gels before and after salting-out. PL-gels demonstrate no length
changes after pre-stretching, with significant shrinkage in width and
thickness, indicating that PVA chains are aligned along the stretching
direction, forming an ordered, oriented structure. In contrast, PD-gels
exhibit a curled structure due to non-uniform shrinkage in all three
directions, suggesting a lack of chain alignment within the gel. Addi-
tionally, the mechanical performance of PL-gels salted for various
durations (1, 4, 7, and 15 days) was also analyzed. As shown in Sup-
plementary Fig. 12, prolonged salting-out time significantly enhances
the strength, modulus, and toughness of the ionogels. Notably, a

salting-out time of 7 days yields an optimal balance between polymer
chain alignment and network densification. In contrast, prolonged
salting-out for 15 days induces overstretching-related pre-strain, as
evidenced which may adversely affect mechanical performance. The
fracture property of PL-gel was further evaluated through pure shear
tests (Fig. 2g, Supplementary Figs. 13 and 14). The fracture energy of
the organogel was only 23.5 k] m™, whereas the PL-gel exhibited a high
fracture energy of 727.6 k] m?, making it about 31 times greater than
that of the organogel. The dense entanglement of polymer chains
within the PL-gel alleviates stress concentration and effectively dis-
tributes the applied force across other chains, certifying that PL-gel is
highly effective in preventing crack propagation.

To investigate the influence of ionic liquid content on the
mechanical properties of the PL-gels, we performed a systematic study
by immersing PVA gels with identical volume and composition in
varying amounts of ionic liquid (100 mL, 200 mL, 300 mL, and
400 mL) during the salting-out process (Supplementary Fig. 15). As
shown, increasing the volume of ionic liquid markedly enhances both
the tensile strength and toughness of the resulting PL-gels. Notably,
the gel treated with 400 mL of ionic liquid exhibits the highest tensile
strength (26 MPa) and elongation at break (-800%), in contrast to the
one treated with 100 mL. These results suggest that a greater volume
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Fig. 3 | Strengthening mechanism of PVA ionic gel using molecular dynamics
simulation. The molecular dynamics-optimized configurations of a EG-EG, b EG-
ILs, and c ILs-ILs. d The interaction energies between EG-EG, EG-ILs, and ILs-ILs.
e The molecular configurations of the organic gel in the molecular dynamics
simulation. f The molecular configuration of the PL-gel in the simulation. g The

radial distribution functions of F-H collected in the PL-gel. In the 1000 ps NVT
analysis, the h trajectory and i mean square displacement (MSD) of EG in different
gels. Color codes for atoms in (a-c, e, f): Gray, white, red, blue, cyan, and pink
spheres represent carbon (C), hydrogen (H), oxygen (0), nitrogen (N), fluorine (F),
and boron (B) atoms, respectively.

of ionic liquid facilitates more complete ion exchange and salting-out,
thereby promoting polymer chain orientation and physical cross-
linking. This structural reorganization significantly improves the
mechanical performance of the gels. To evaluate the cyclic tensile
performance of the ionic gel, 20-cycle tensile tests were conducted at
strain levels of 10%, 20%, 30%, and 40% (Supplementary Fig. 16). The
results reveal a gradual decline in mechanical strength and an increase
in residual strain with higher deformation levels. For example, at 10%
strain, the maximum stress decreased from 5.6 MPa to 4.6 MPa after 20
cycles, while at 40% strain, it dropped more substantially from 7.5 MPa
to 4.8 MPa, accompanied by a residual strain of 22.79%. Although the
cyclic durability is limited at large strains, this gel design prioritizes
high strength and toughness, making it promising for applications
where mechanical robustness is critical, while highlighting the need for
further optimization for fatigue-resistance. The temperature-
dependent mechanical properties of the gel were evaluated under
both high- and low-temperature conditions (Supplementary Fig. 17).
Within the typical temperature range of daily use, the gel maintains
relatively stable mechanical performance. However, at elevated tem-
peratures (60 °C), a noticeable decrease in tensile strength and a slight
reduction in fracture strain were observed, likely due to thermal-
induced structural relaxation (Supplementary Fig. 17a). In contrast,

under low temperatures, the tensile strength remained stable at —30 °C
and even slightly increased at -60°C, while the fracture strain
decreased significantly (Supplementary Fig. 17b), indicating restricted
chain mobility and reduced ductility at lower temperatures. With ultra-
high strength and extensibility, the toughness of the ionogel
(121.9 M) m™3) surpasses that of previously reported tough ionogels
and hydrogels by a considerable margin (Fig. 2h, i and Supplementary
Table 2).

Comparative analysis and microstructural insights of
strengthening mechanism

To further understand the role of ionic liquids in ionogels, a series of
molecular dynamics analyses were carried out. Density functional
theory (DFT) studies indicate that the binding energy for ILs-ILs
interactions is —47.2 kcal/mol, while that for EG-ILs is —27.7 kcal/mol.
Both values are lower than the binding energy of EG-EG interactions
(=20.9 kcal/mol), suggesting that the introduction of ILs enhances the
stability of the PVA gel networks (Fig. 3a-d). Additionally, the binding
energy for PVA-ILs is —-80.9 kcal/mol, significantly lower than that for
PVA-EG (-21.1kcal/mol), further confirming that ILs contribute to the
stability of the PVA gel networks (Supplementary Fig. 18). To gain
deeper insights into the microstructural properties of the gels, radial

Nature Communications | (2025)16:7683


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63148-0

a

Organic gel
50 ——PD-gel
—— PL-gel

0 1

760

0 5

Accelerometer

10 15 20 25 30
Displacement(mm)

0
Organic gel PD-gel

-
[N

26

Organic gel -

m

!

)
T

Force(N)

h
o
©

N
(=)
T

S0 95 %0
Displacementm)

S
(&)
T

o

3
o
w

o
»
Energy disspation(J g™')

Energy disspation(J
5

o
o

Impact
K l d 180 -
Organic gel
150 F—— PD-gel
—— PL-gel
‘\‘T 2120 3
8 90t
(S
L 60t
30
0 1 1
0 5 10

Fig. 4 | Puncture resistance performance. a Schematic illustration and images of
the dynamic puncture test for PL-gel. b Quasi-static puncture force-displacement
curves and ¢ puncture energy for the organic gel, PD-gel, and PL-gel. d Dynamic
puncture force-displacement curves and e quasi-static puncture energy for the
organic gel, PD-gel, and PL-gel. Side view of f PD-gel and g PL-gel post-puncture,

ee Oganic gel

PD-gel

PL-gel

15 20 25
Displacement(mm)

-y

13500

This Work
ANFs aerogel
2D PVAIGO
keviar

Plain laminated
Hex[1P4A]
Hex[5A]
Sq[1P4A]
Sq[5A]

EVA

PAAm hydrogel *
SA hydrogel

Tough gel

FT PVA hydrogel

Random PVA/GO hydrogel
1D PVA/GO hydrogel

2D PVA/GO-NCA hydrogel
Natural mineralized hydrogel
2D PVA/GO-NA hydrogel

N
[0
o
o
T
som%

Ao«

2100

<«roemDpPOOS

-

~ »

o o

o o
T

Energy to Puncture(J m™

IS I
0 80 160 240 320 400
Maximum force F,, (N m™)

o

along with corresponding microstructural morphology of the fracture.

h Comparison of the maximum puncture force and puncture energy of PL-gel with
other reported gels***°. Data in (c, €) are presented as the means + SDs from n=3
independent samples.

distribution function (RDF) and coordination number (CN) analyses on
the gels before and after salting-out were performed (Fig. 3e, f). The
RDF analysis of F-H interactions shows a peak at 1.6 A, indicating the
existence of hydrogen bonding between F and H (Fig. 3g). Similarly,
the RDF for O-H interactions reveals a peak at 2.1 A, proving the for-
mation of hydrogen bonding between O and H (Supplementary
Fig. 19). From the CN perspective, a decrease in the coordination
number for O and H after salting-out was observed, while the coordi-
nation number for F with H increased (Fig. 3g). This reveals that F in the
ionic liquid replaces O in EG, forming stronger hydrogen bonds with H,
thereby enhancing the overall stability of the material. Supplementary
Fig. 20 presents the hydrogen bond analysis, including statistics on
different hydrogen bond lengths and angles. On one hand, the fluorine
(F) within the gel replaces oxygen (O) to form more hydrogen bonds
with hydrogen (H), leading to an overall increase in hydrogen bond
quantity. On the other hand, the distribution of bond lengths shows
that F-H bonds are shorter, which corresponds to stronger hydrogen
bonding interactions. This change indicates that the formation of F-H
hydrogen bonds not only increases the number of hydrogen bonds but
also strengthens them, thus enhancing the structural. As shown in
Fig. 3h, the diffusion region of ethylene glycol (EG) in the ionogel
becomes smaller after salting-out. lonic liquids form a hydrogen-
bonding network with EG and polymer chains, restricting the move-
ment of the EG network and increasing the likelihood of mutual

constraint among polymer molecules. Furthermore, the reduced dif-
fusion coefficient after salting-out (Fig. 3i) indicates enhanced inter-
molecular interactions, leading to tighter interactions between
molecular chains and a more stable overall structure.

Puncture resistance performance

In the fields of construction engineering, aerospace, and protective
equipment, it is crucial for materials to maintain structural integrity
and mechanical performance under high stress and extreme envir-
onments. Among these properties, puncture resistance is a key factor
that enables materials to effectively withstand extreme loads from
external sources, preventing structural failure and ensuring stability
and safety under harsh conditions. Thus, quasi-static puncture tests
were firstly conducted to evaluate the puncture resistance of the
materials (Supplementary Fig. 21). The maximum puncture force of
PL-gel significantly increased from 32.0+2.7 N for PD-gel to
57.9+4.0 N under quasi-static conditions, which is 9.1 times that of
the untreated organic gel (Fig. 4b). Additionally, the puncture energy
increased from 493 + 72 mJ for PD-gel to 760 + 52 mJ (PL-gel), which is
11.8 times that of the untreated organic gel (Fig. 4c). To compre-
hensively assess the puncture resistance of PL-gel, dynamic puncture
tests were also performed (Fig. 4a). The results showed that among
the three different PVA gels, PL-gel could withstand a maximum
puncture force of 139.7 £12.3 N and a puncture energy of 2.6+ 0.2 )/
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Fig. 5 | Impact resistance and energy dissipation capability. Force-time curves of
PL-gel, Ecoflex, EVA foam, and PP at a drop height of a 90 cm and b 50 cm. ¢ Peak
force values and d cushioning time of different samples collected from the above
experiments. e Schematic diagram of the ballistic impact testing system. f Impact

Incident velocity(m/s) Incident velocity(m/s)

velocity of aluminum projectiles after passing through organic gel, PD-gel, PL-gel,
and Kevlar. g Energy dissipation of samples at different impact velocities. Impact
process of h PD-gel at an initial velocity of 181.5 m/s and i PL-gel at an initial velocity
of 179.9 m/s.

m, significantly surpassing both the untreated organic gel and PD-gel
(Fig. 4d, e). This further validates the reliable performance of PL-gel
under extreme dynamic loads, highlighting its potential application
value in construction, aerospace, and protective equipment. Fur-
thermore, Fig. 4f, g illustrate that the fracture surface of PL-gel
exhibits noticeable fiber pull-out, confirming the impact of the
micro-oriented structure formed by localized alignment assisted
salting-out on the material’s toughness. Figure 4h compares the
maximum puncture force and puncture energy of PL-gel with those
of existing conventional materials, indicating that PL-gel has higher
quasi-static impact resistance than synthetic gels such as ANFs
aerogel, 2D PVA/GO, and Hex[1P4Al.

Impact resistance and energy dissipation capability

In everyday applications, materials frequently encounter various low-
velocity impact scenarios, such as collisions during the handling of
construction components, cushioning materials mitigating minor
drops, or low-speed vehicle impacts on safety structures. To evaluate
the protective performance of PL-gel under low-velocity impact con-
ditions, this study designed a drop hammer test to simulate the
material’s performance in typical cushioning applications. Figure 5a, b
and Supplementary Fig. 16 illustrate the force-time curves for PD-gel,

PL-gel, Ecoflex, and other samples as the drop height increased from
50 cm to 90 cm. It is evident that under impacts from 50 to 90 cm, PL-
gel outperformed EVA foam and PP in terms of peak force and cush-
ioning time. Even in comparison to Ecoflex, PL-gel demonstrated
exceptional damping effectiveness. Figure 5c, d further compare the
peak force and cushioning time, with PL-gel reaching a peak force of
7.5kN and a cushioning time of 1.2 s at a 90 cm drop height. Compared
to the control group Ecoflex and the no-sample condition, PL-gel
reduced the peak force by 40% and 45%, respectively. In aerospace and
protective equipment fields, materials must withstand high-velocity
impact loads, such as the impact of an aircraft crash, the ballistic
resistance of tactical gear, or the protection against high-speed debris
and explosive impacts in defense structures. Under these extreme
conditions, a material’s impact resistance is crucial. To investigate this
potential, ballistic impact testing was conducted on the tough ionic gel
(Fig. 5e). A spherical projectile was launched at the sample using an air
gun under controlled pressure. As shown in Fig. 5f, the relationship
between the projectile’s initial velocity (V;) and residual velocity (V;)
follows the Recht-Ipson formula:

()

1
v, =k — Q)
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el

where k and n are material-specific constants, and V,, represents the
critical velocity at which V,=0m/s. As shown in Fig. 5g, PL-gel
exhibited a significantly higher critical velocity (V;,=141.0 m/s)
compared to the other three materials. This result demonstrates that
PL-gel possesses effective penetration resistance under high-velocity
impact conditions, highlighting its potential in extreme protection
applications. The energy dissipation (AE) of the sample was calculated
as follows:

_ Mm@ —vp)

5 3

AE

where m is the mass of the projectile (0.7 g), and t is the thickness of
the sample (0.5 mm). The results indicate that at an impact velocity of
163.9 m/s, PL-gel achieved an extraordinary AE of 18.44 kJ/m, which is
3.3 times that of Kevlar at a similar impact speed (Fig. 5g). Under similar
impact velocities, the residual velocity of the projectile after penetrat-
ing the PL-gel was markedly lower than that observed for the PD-gel
(Fig. 5h, i). This finding further confirms that the high degree of
aggregation, strong entanglement, and crystallinity induced by the

localized alignment assisted salting-out process effectively enhance
the material’s anti-penetration performance under high-speed
impacts.

Generality and customizability of localized alignment assisted
salting-out strategy

By adopting a localized alignment assisted salting-out strategy, its
applicability to other molecular chains and solvents was further eval-
uated. Replacing the molecular chain from PVA to PAAM and changing
the solvent from ethylene glycol to water, PAAM-L gel with enhanced
mechanical strength was successfully fabricated. Compared to
untreated PAAM hydrogels, PAAM-L gel exhibited approximately 4.31-
fold increase in strength (591.8+24.3 kPa) and 4.14-fold increase in
toughness (1.8 +0.2 MJ/m?) (Fig. 6a, d). Given the enhanced mechan-
ical properties of PAAM-L gel, its puncture resistance was proceeded to
test (Fig. 6b, e). The results indicated substantial improvements in
both maximum puncture force and puncture energy under quasi-static
and dynamic puncture conditions. PAAM-L gel achieved a quasi-static
puncture energy of 1.9+0.6J, 4.0 times that of the PAAM hydrogel,
while its dynamic puncture energy reached 399.5+9.0 J/m, 14.0 times
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that of the PAAM hydrogel (Fig. 6¢, ). These results further confirm the
versatility of the in situ localized alignment assisted salting-out strat-
egy in improving the performance of gels (Fig. 6g-i). Compared to the
PAAM hydrogel and PAAM-D gel, the 1D WAXS data of the PAAM-L gel
shows a noticeable shift of the broad peak toward lower g-values and a
slight increase in peak intensity (Supplementary Fig. 23). This shift
brings the scattering signal closer to the amorphous halo observed in
the pure ionic liquid (Supplementary Fig. 24), suggesting that the
localized alignment assisted salting-out treatment leads to enhanced
ion-polymer interactions or local structural rearrangements. Addi-
tionally, leveraging the high strength and excellent stretchability of
PAAM-L gel, the ease of customizing its additional functionalities, such
as conductivity, were also demonstrated to meet diverse application
needs (Supplementary Fig. 25). This adaptability makes it suitable for
real-time human motion monitoring and detecting various physiolo-
gical signals. These findings highlight the localized alignment assisted
salting-out strategy as a highly versatile toughening method that
allows for simple customization of desired properties across different
materials. This approach not only enhances mechanical performance
but also provides diversified application potential.

Discussion

In this study, we have successfully developed a approach to enhancing
the mechanical properties and impact resistance of ionic gels. By
combining ionic liquids with a localized alignment assisted salting-out
process, we have achieved a highly ordered, micro-oriented structure
within polyvinyl alcohol (PVA) gels, resulting in significantly improved
tensile strength, toughness, and modulus. The resulting PL-gels not
only exhibit enhanced mechanical performance, including high
puncture force and energy dissipation, but also demonstrate excep-
tional impact resistance, surpassing conventional materials like Kevlar
under similar impact conditions. Moreover, molecular dynamics
simulations confirm the role of enhanced hydrogen bonding and chain
interactions in stabilizing the gel's structure, contributing to its
enhanced mechanical performance. Importantly, the localized align-
ment assisted salting-out strategy has shown broad applicability,
extending its benefits to other polymer matrices such as PAAM
hydrogels. This work presents a promising pathway for the develop-
ment of high-performance, impact-resistant materials suitable for a
wide range of advanced applications, from flexible electronics to
protective gear and aerospace technologies, providing enhanced
reliability and safety in extreme environments.

Methods

Materials

Ethylene glycol (EG), sodium chloride (NaCl, AR), ammonium sulfate
((NH4),S04, AR), trisodium citrate dihydrate (NazC¢Hs0,-2H,0, AR),
and ammonium persulfate (APS, AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Polyvinyl alcohol (PVA, Mw -205,000), 1-
butyl-3-methylimidazolium tetrafluoroborate (ionic liquid, >=97%),
acrylamide (AM, AR, >99%), and N,N’-methylenebis (acrylamide)
(MBAA, 99%) were obtained from Aladdin Industrial Corporation
(Shanghai, China).

Fabrication of PVA Organogels

To prepare the PVA organogels, 25g of polyvinyl alcohol (PVA,
Mw-~205,000) was dissolved in 100 mL of ethylene glycol by stirring at
130 °C for 3 h. The resulting homogeneous mixture was then cast into a
custom-made polytetrafluoroethylene (PTFE) mold and frozen at
-20 °C for 12 h to obtain the PVA organogel.

Fabrication of PVA lonic Gels

The PVA organogels were then immersed in 1-butyl-3-
methylimidazolium tetrafluoroborate for seven days to perform ion
exchange, resulting in high-strength and tough direct salting-out PVA

ionic gels, referred to as PD-gels. Here, “P” stands for polyvinyl alcohol
(PVA), and “D” denotes the direct salting-out process. Additionally, the
PVA organogels were immersed in equal volumes of saturated aqueous
solutions of sodium chloride, ammonium sulfate, and trisodium citrate
for seven days to perform ion exchange, producing PVA ionic gels
obtained through direct salting-out using different salt solutions.
Furthermore, by pre-stretching the PVA organogels to different
extents (0%, 25%, 50%, and 75%) and fixing them onto PU plates before
performing the same ion exchange process, high-strength and tough
in situ localized alignment assisted salting-out PVA ionic gels, referred
to as PL-Gels, were obtained. Similarly, by fixing the PVA organogel
onto a PU plate and immersing it in 1-butyl-3-methylimidazolium tet-
rafluoroborate solution for different durations (1 day, 4 days, 7 days,
and 14 days), PVA ionic gels with varying salting-out times were
obtained. (Supplementary Table 3).

Fabrication of PAAM Hydrogels

For the preparation of PAAM hydrogels, 96 g of acrylamide, 0.2 g of N,
N’-methylenebisacrylamide, and 0.08 g of ammonium persulfate were
dissolved in 300 mL of deionized water with stirring at room tem-
perature. The resulting mixture was cast into a custom-made PTFE
mold and heated at 60 °C for 3 h to obtain PAAM hydrogels. These
hydrogels were then subjected to the same ion exchange procedure to
produce PAAM direct-salting-out and localized alignment assisted
salting-out ionic gels.

Characterization

Microscopic Structure Analysis: The microstructure of the PVA gels
was examined using a scanning electron microscope (SEM, Gemini
500, Carl Zeiss Jena, Germany).

Chemical Structure Analysis: Fourier-transform infrared (FTIR)
spectroscopy was performed using a Nicolet iN10 infrared microscope
(Thermo Scientific, USA) in ATR mode over a range of 4000-500 cm™
to analyze the chemical structure. X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCALAB 250Xi) was employed to further
analyze the elemental composition.

Optical Transparency Measurement: The transmittance of the
PVA gels was measured using a UV-Vis-NIR spectrophotometer (Solid
3700, Shimadzu, Japan).

Thermal Stability Analysis: The thermal stability of the PVA gels
was assessed using thermogravimetric analysis (TGA Q5000IR, TA,
USA), where samples were heated from 30 °C to 800 °C at a rate of
10 °C/min under a nitrogen atmosphere.

X-ray Scattering Analysis: To investigate the internal structural
differences among samples, wide-angle and small-angle X-ray scatter-
ing (WAXS and SAXS) measurements were performed using a SAX-
Spoint 2.0 system (Anton Paar GmbH, Austria) equipped with a Cu Ka
radiation source (A =1.54 A). The sample-to-detector distance was set
to 113 mm, and all measurements were conducted under vacuum to
eliminate air scattering. The 2D data were converted to 1D profiles [1(q)
~q plot] using Fit2D software, where I is the scattering intensity, and q is
the scattering vector [q=4Tsin6/A, where 20 is the scattering angle
and A is the X-ray wavelength]. To ensure comparability among dif-
ferent samples, the thickness of each gel sample was carefully con-
trolled at approximately 0.5 mm to minimize variability. To correct for
potential differences in X-ray transmittance, we processed the raw
scattering images using the image calculator function in Saxsanalysis
software and applied transmittance correction as follows:

I
leore = TSS 4)

where [ is the measured scattering intensity and T is the transmit-
tance of the sample. In SAXS measurements, the fixed chain alignment
direction was set along the horizontal axis (x-axis) in the 2D scattering
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patterns. Azimuthal integration at q=0.7nm™ was performed to
evaluate the degree of orientation. All 2D SAXS images are displayed
with appropriate scale bars to clarify the spatial features of the scat-
tering patterns.

Mechanical Testing: Tensile and compression tests were carried
out on an MTS machine (MTS Standard 43) at a strain rate of 0.005s™
The PVA gel samples for tensile tests were prepared in dimensions of
60x10x0.5mm?, and those for compression tests were
20 x20 x2mm?’. Samples for pure shear tests had a thickness of
0.25 mm and a width of 10 mm, with a fixed clamping distance of 3 cm.
For samples with notches cut from the center of the clamps, the cut-
ting width was 1 mm. The fracture energy of the gels was calculated by
dividing the work done within the critical stretch range on unnotched
samples by the cross-sectional area.

Puncture and Impact Testing: Quasi-static puncture tests were
performed on an MTS machine using a hemispherical probe (dia-
meter: 4 mm) approaching the sample center at a constant speed of
10 um/s until penetration. To investigate the energy dissipation
properties, a drop-weight apparatus equipped with force and accel-
eration sensors was employed. Samples with dimensions of
20 x 20 x 2 mm? were subjected to impact from various heights. The
thickness of the PVA gels was measured using a digital micrometer
(Mitutoyo, 0-25mm). For high-velocity projectile impact tests, an
aluminum projectile (diameter: 8 mm, mass: 0.7 g) was fired from a
pneumatic gun. The initial velocity was measured using a laser
velocimeter mounted at the gun muzzle. The gel samples were
clamped to a steel frame, exposing a circular area with a diameter of
30 mm. The damage process and residual velocity of the projectile
passing through the PVA gels were recorded with a high-speed
camera.

Electrical Performance Testing: The external electrical signal of
the PAAM gels under external stimuli was recorded using a ModuLab
test system (Solartron Analytical, AMETEK Advanced Measurement
Technology) with an applied voltage of 3 V.

Molecular dynamics simulations: Molecular dynamics simulations
were conducted using the commercial software Materials Studio,
employing the Compass force field to model atomic interactions
among PVA chains, EG molecules, and ionic liquid molecules. For the
PVA organogel, two PVA chains (each composed of 20 monomers)
were placed in a box containing EG molecules. For the ionic gel post-
salting-out, 100 ethanol molecules were also added to the box. The
initial simulation unit cell dimensions were set to 23.7 A x23.7 A x
23.7 A, with lattice parameters a=g8=y=90°. Energy minimization
was performed for each configuration until convergence was achieved,
followed by molecular dynamics (MD) calculations using the NVT
ensemble. The simulation lasted for 200 ps with a step size of 1fs at a
temperature of 298 K.

Interaction energy: The interactions studied included EG with ionic
liquids, EG with EG, and ionic liquids with each other. Subsequently, PVA
molecules were introduced to assess their impact on the gel system,
specifically focusing on PVA-EG and PVA-IL interactions. The interaction
energy (Eiy), which quantifies the strength of interactions among the
system components, is calculated using the following formula:

Eint = Etotal - Z Ecompunents (5)

where Eota1 and Ecomponent Fepresent the total energy of the system and
the energy of each individual component, respectively. Negative
values of E;, indicate stable adsorption between components, with a
more negative £;, reflecting a stronger interaction within the system.

Data availability
All relevant data generated from this study are available from the article
and Supplementary Information, or available from the corresponding

authors upon request. The other relevant source data are available at
https://doi.org/10.6084/m9.figshare.29649170.v2. Source data are
provided with this paper.
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