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ABSTRACT

Soft nano electronic materials based on conductive hydrogels have attracted considerable attention due to their exceptional
properties. Particle deposition and poor interface compatibility often diminish the mechanical strength and electron transport
capabilities of the conductive hydrogel. Mechanical damage can severely impact the performance of the conductive hydrogel and
can even damage electronic devices based on the conductive hydrogel. In the current study, a transparent nano-silica hydrogel is
prepared by employing an extremely easy-to-operate method. This approach can preclude the deposition of particles via strong
mechanical force. In addition, controlling the concentration of the reaction interface makes the hydrogel grow along the mechanical
force in the direction with a special directional hole structure formed. The hydrogel is transparent, showing excellent self-healing
properties—it can self-heal within 15 seconds. Remarkably, the hydrogel after self-healing maintains its performance. Moreover, it
has excellent mechanical properties and can be stretched in length. Up to 1,200% of the original length, the tensile strength of the
gel spline can reach 7 MPa. The viscosity of the hydrogel can reach 1.67 x 10® (MPs). In addition, a large amount of Na* in this
hydrogel endow it a conductivity of 389 ps/cm. The conductivity of this hydrogel is adjustable result from the special pore structure.
Lastly, the difference between the horizontal and vertical conductivity of the same sample can reach 3—4 times, thus this hydrogel

can be used in the field of nano conductive materials.
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1 Introduction

Nano-structured soft electronic materials have received
widespread attention due to their novel properties [1].
Conductive hydrogels combine the mechanical properties of the
hydrogel and the electrical properties of the conductor. They
display characteristics of high stretchability, self-repairing ability,
fast responsiveness, and good electrochemical performance.
Conductive hydrogels have 3D layered porous network structures,
thus promoting the transportation of electrons and charges as
well as the diffusion of ions and molecules. However, particle
deposition and poor interface compatibility diminish the
mechanical strength and electron transport capabilities of the
conductive hydrogel. These conductive hydrogels are opaque
and can provoke irreversible effects in practical applications.
Mechanical damage can severely impact the performance of
conductive hydrogels, and even damage electronic devices from
conductive hydrogels [2-8].

It remains a challenge to synthesize self-healing transparent
hydrogels with required electronic properties and good
mechanical properties [9]. The self-repair mechanism of
hydrogels is reversibly cross-linking, and there are two main
combinations—reversible covalent bonds such as imine bonds, and
reversible non-covalent bonds such as hydrogen bonds [10-14].
Different from traditional hydrogels, self-healing hydrogels

can repair themselves after damage [15-16]. For example, a
physically cross-linked hydrogel is prepared by hydrogen and
a double metal carboxylate coordination bond. The obtained
hydrogel possesses good mechanical strength and self-healing
properties [17]. Wei and his colleagues synthesized a highly
stretchable and self-healing hydrogel. Due to electrostatic
interactions, the resulting hydrogels present high hardness
and good cohesion [18]. Jiang et al. prepared a hydrogel based
on agarose/PVA dual network by dynamic borate bonding.
Consequently, the hydrogel has ultra-fast self-healing properties
even in water [19]. The above-mentioned self-healing hydrogels
with better properties are all dual-network hydrogels or contain
organic components. In contrast, relatively few studies on this
type of inorganic self-healing hydrogel have been reported
[20-38]. Researchers have proposed the self-healing properties
of nanoparticles. For example, the nano Si-Sn composite additive
prepared by Dong et al. can significantly enhance the repair
effect of the worn surface of the HV1500 base oil [39].
Learning from previous research, we decided to use a very
cheap sodium silicate as a raw material to prepare nano-SiO.
hydrogel in the present study. As an extensively applied
material, nano-SiO: has been used in various production and
many fields in our lives. The pure inorganic gel material
composed of SiO: nanoparticles has good thixotropy, mechanical
strength and biocompatibility. Due to the characteristics of
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large particle size, high surface energy, and large specific surface
area, when the matrix material has microcracks and damages,
nanoparticles can effectively locate and repair the microcracks
and the damaged area, thereby realizing polymer matrix materials
and the enhancement of the maintenance [40, 41]. The use of
inexpensive sodium silicate as a raw material can save costs to
a large extent.

Our nano SiO: hydrogel prepared by a very simple method has
excellent self-healing properties, good mechanical properties
and anisotropic electrical conductivity. The mechanism of
this facile method is curing into glue. To prevent the particles
from coalescing, the concentration is constantly adjusted while
adding the catalyst. The curing agent can speed up the sol gel
process and endows the gels with high mechanical strength.
Consequently, it can ensure that the product has the
characteristics of a gel with good mechanical properties, and
hydrogen bonds between nanoparticles allow the gel being able
to quickly repair itself. Different from existing high-strength
hydrogels, this hydrogel has both high strain performance and high
tensile stress. Through the combination of these characteristics,
the gel has great potential in the fields of electrochemistry,
supercapacitors, and directional conductive diodes.

2 Experimental

2.1 Materials

Sodium silicate was supplied by Yatai United Chemical Co.
LTD (Wuxi, China), Sulfuric acid (98 wt.%) was supplied by
Nanjing Chemical Reagent Co. LTD (Nanjing, China). All the
chemicals used in the study were of analytical grade and without
further refinement.

2.2 Preparation of hydrogels

The high-efficiency procedure for preparing nano-silica hydrogel
through concentration control and auxiliary mechanical
force is as follows: after sodium silicate is filtered to remove
impurities, Pour it into a reaction vessel with a rotation speed
of 3,000 r/min. Then, configure sulfuric acid and deionized (DI)
water in a ratio of 1:4. The two were added to the reaction
system in the proportion of 1:4 each time by a Pipet-Aid. The
interval between each addition is 2 min. Then, the mixed
solution was continuously stirred for 20 min to form a homo-
geneous sol. The sol was allowed to stand for 12 hours to form
a nano-silica hydrogel. The concentration of the nano-silica
hydrogel obtained at this time was 80%. The hydrogel was
placed in a high-temperature drying oven and heated at 50 °C.
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Then, the concentration of the obtained nano-silica is reduced
but the strength is greatly improved.

2.3 Characterization

The morphology of nano-silica hydrogel was measured by
scanning electron microscope (SEM, JSM-7600F, Japanese
Institute of Electronics, Japan). Fourier transform infrared
spectroscopy (FT-IR) was performed on Syme6700 spectrometer.
X-ray diffraction (XRD) was recorded on a multifunctional
horizontal X-ray diffractometer (D8 advanced diffractometer
purchased from Bruker). Elemental analysis and mapping
were performed by using an environmental scanning electron
microscope (Quanta 250 FEG). The rheological properties are
measured by RS6000 rheometer (HAAKER, Germany) equipped
with P20Til flakes and intervertebral discs. The electrical
conductivity of the hydrogel is measured by a Keithley resistance
tester (Keithley).

3 Results and discussion

3.1 Preparation process and mechanism

Figure 1 illustrates the synthesis process and mechanism of an
inorganic self-healing transparent hydrogel with directional
pore structure. Add an appropriate amount of sodium silicate to
the reaction vessel. Adjust the power of the mixer to 3000 r/min.
Sulfuric acid (98 wt.%) and distilled water are weighed in a
ratio of 1:4. Then the two were added to the reaction system in
the proportion of 1:4 each time by a Pipet-Aid. The interval
between each addition is 2 min. During this process, the
concentration of the entire solution will be continuously
adjusted. By controlling the viscosity of the solution, after the
acid is added, the surrounding substances will react to form a
thin film instantly. At the same time, it exerts mechanical
force in the same direction to prevent the formation of particle
agglomeration. In this process, the reaction system is a highly
dispersed system with small dispersed particles and strong
Brownian motion, which can prevent the sinking caused by
gravity. The SiO. produced by the reaction will grow along
the direction of mechanical force. During the growth of long-
chain molecules, the agglomeration force of the particles
will become smaller and smaller, and the required viscosity
will also decrease. Until the value is controlled in the range of
PH = 8.5 (£ 0.5). After standing and aging, SiO; hydrogel with
oriented pore structure and attached nano pores is finally
obtained (Figs. 1(a) and 1(b)). In this process, through strong
mechanical force, the hydroxyl and silicon-oxygen double
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Figure 1 Schematic illustration of the fabrication process of the nano-silica gel.
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bond in the generated silicic acid are destroyed. The reaction
speed is different due to the difference in concentration. Large
pores are generated in the low concentration area, and small
pores are generated in the high concentration area. Therefore,
the resulting gel has directional macropores with nano pores
attached to it. However, because the mechanical force is
directional, a silica hydrogel with a pipe-shaped pore structure
is finally formed.

3.2 Structure and water retention properties

The shape of the hydrogel is shown in Fig. 2. The transparent
hydrogel can be changed into different shapes (Fig. 2(a)).
There is a difference between the hydrogel prepared in this
work and the ordinary SiO. hydrogel after freeze drying. The
hydrogel prepared in this article shows transparent properties
(Fig. 2(b)). The hydrogel is almost transparent after drying,
which indicates that the pores are too small for the moisture
to dry. Figure 2(c) is the FT-IR spectrum of the sample. It
can be seen that the strong absorption peak at 3,422 cm™
corresponds to the ~OH tensile vibration on the sample surface.
The absorption peak corresponds to the bending vibration of
water molecules. The absorption peak at 1,452 cm™ corresponds
to the in-plane bending vibration of ~-OH. These three peaks
prove the presence of hydroxyl groups in the sample. The
strong and broad absorption peak at 1,143 cm™ indicates the
tensile vibration of the top Si-O bond, while the absorption
peak at about 1,000 cm™ corresponds to the flexural vibration
absorption peak of Si—-OH. These two peaks indicate the presence
of silica in the sample. In addition, the absorption peaks at 622
and 468 cm™ correspond to the vibrational absorption peaks
of SO4, and these two peaks mainly come from sodium
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sulfate in the sample. It can be seen from the above analysis that
FT-IR can determine the chemical composition of the sample,
such as silica, sodium sulfate, and water. Figure 2(d) is the
analysis diagram obtained when the sample is irradiated with
CuK in the diffraction angle range of 10-50°, scanning speed
of 1 °/min. It can be seen from the figure that the X-ary
diffraction (XRD) peak of the sample is completely consistent
with the standard spectra of Na,SOs (Joint Committee on Powder
Diffraction Standards #74-2036) and SiO, (JCPDS#80-2147),
which confirms the successful synthesis of the SiO,-NA,SO,
sample. The XRD pattern of the sample shows that there are
almost no impurity peaks, indicating that under this synthesis
condition, there is no excessive raw material residue or side
reaction products, and the sample has high purity. The sample
in 2 theta value 10-50° has several obvious characteristic
peaks, at 19.1°, 23.4°, 28.1°, 28.9°, 32.0°, 33.9°, 38.7°, 48.8°,
respectively, corresponds to Na,SO4 (111), (220), (131), (040),
(311), (022), (222), and (351) crystal plane diffraction peak
characteristics. Among them, the strongest diffraction peak
appears at 32.0°, which corresponds to the characteristic
diffraction peak of the Na,SOs (311) crystal plane. In addition,
the characteristic diffraction peaks of the (100), (011), (110), and
(112) crystal planes in the sample correspond to SiO, which
appear at 19.7°, 25.2°, 34.7°, 46.9°, respectively, with low
intensity. Compared with Na,SOs, according to existing
knowledge, the sharper the shape of the diffraction peak and
the higher the intensity, the better the crystallinity of the
crystal. Therefore, it can be concluded that the SiO.-Na:SO.
samples prepared by this method have high crystallinity,
complete crystal structure and high material stability. Figure 2(e)
shows that the change trend of the viscosity of the system
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Figure 2 (a) Comparison of nano-silica gel before and after freeze-drying. (b) Hydrogels of different shapes. (c) FT-IR spectrum of the hydrogel. (d) XRD
pattern of the hydrogel. (e) The viscosity changes of the reaction system during the formation of the hydrogel. (f) Water retention rate of hydrogel at 105 °C.
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during the reaction is a curve relationship that first drops
and then rises. It must be ensured that the minimum viscosity
of the reaction system is greater than a fixed value. In this
experiment, the minimum viscosity is 50 mPa-s. Figure 2(f)
detects the changing law of the water retention rate of the
hydrogel under different initial concentrations. Place the gel
sample in the crucible, and then set the electric heating constant
temperature blast drying oven (DHG-9070A, Shanghai Jinghong
Experimental Equipment Co., Ltd.) to 105 °C. Put the crucible
in the crucible and measure the weight every hour until the
weight is constant. The test samples are divided into five groups,
and each group is tested three times and the average measured
value is obtained.

(M —mt)
"

Where # is the water retention rate (%), M is the original mass
of gel after solidification (g), mt is the mass of gel at the time
instant (g).

As shown in the figure, after drying in an electric heating
constant temperature blast drying oven at 105 °C for 7 hours,
10%-20% of the water in the gel has not evaporated yet. The
sample continued to dry without loss of weight. The main
reason is that there are nano pores in the gel, which partially
encapsulate water. These holes make the water easy to fix and
not easy to lose, so it has good water retention performance.

1—

3.3 Morphology

Figure 3 is a picture of the freeze-dried sample taken through
SEM images. As shown in Fig. 3(a), the pore radius of the gel is

Figure 3
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(a) SEM images after freeze-drying. (b) Energy dispersive spectrometer (EDS) images.
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about 1-2 pm, the arrangement is neat and the direction is
uniform. At the same time, there are many interwoven holes
connected to the walls of these holes. The figure shows that the
pore size of these small holes is in the range of about 5-30 nm.
This indicates that the gel 3D pipeline support structure is the
reason for the gel's good mechanical properties. Figure 3(b) is
the X-ray energy spectrum analysis diagram of the sample,
indicating that the main elements in the sample are Si, Na, and
O. In order to verify the high strength properties of the gel, the
gel was heated at room temperature. The muffle furnace was
heated at 300 °C for 4 hours. The scanning electron microscope
image of the obtained aerogel is shown in Fig. 4. (al), (a2) is
the sample surface, (a3) is the cross-section of the sample. The
resulting aerogel still shows the orientation. The pore structure
of the tube, the load pore range is between 20-50 nm. The gel
does not shrink at high temperatures. Therefore, the nanopores
do not deform during the drying process, which proves that the
gel has excellent strength.

3.4 Self-healing properties

Through further observation, it is found that the nano-silica
hydrogel shows especially excellent self-healing ability. As
shown in Fig. 5(a), the size of the hydrogel is @1 x 4.5 cm, and
then cut in half. After being exposed to air for 10 seconds, the
hydrogel will spontaneously heal into a complete hydrogel and
will not be damaged under load. In order to better describe the
self-healing ability of the hydrogel, a segment of the nano-silica
hydrogel was dyed, and then the undyed nano-silica hydrogel
was exposed to the air. The boundary was very obvious at the
beginning, and after 10 seconds, their surfaces adhered to

Figure 4
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(a) SEM images after high temperature drying. (b) Energy dispersive spectrometer (EDS) images.
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Figure 5 (a)-(c) Self-healing process and mechanical properties after
self-healing

each other Tightly. At the same time, the self-healing hydrogel
can still bend and load. As shown in Fig. 5, after cutting the
hydrogel into six segments, they are automatically repaired in
the same way. This indicates that the hydrogel has excellent
self-repairing ability. There are two factors here, one is the
existence of nano-silica, and the other is the existence of a large
number of hydrogen bonds between molecules.
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3.5 Mechanical properties

In addition, the hydrogel after self-repair still maintains good
mechanical properties. From the comparison between Figs. 6(a)
and 6(b), it can be seen that nano-silica hydrogel has good
tensile properties before and after self-healing. Both of these
hydrogels can be stretched to a strain above 1200% and become
thin strips without damage. Both show excellent ductility,
destructive resistance and effective energy consumption. Control
the moisture content of the original samples of water glass,
nano-silica gel and self-healing nano-silica gel, then compress
them into pieces in a hot press and test them in a universal
testing machine. The resulting tensile strength is shown in
Fig. 6(c). The strength of the cured nano-silica gel is slightly
lower than the strength before healing, but far exceeds the tensile
strength of the water glass itself. This shows that the self-healing
nano-silica gel still has good mechanical properties.

Hydrogels generally exhibit properties such as elasticity and
viscosity. In different processes, the corresponding storage
modulus G' and loss modulus G" performance is viscoelasticity.
The result of stress scanning on the prepared gel is shown in
Fig. 6(d), G' and G" respectively correspond to the elasticity
and viscosity characteristics of the material. The storage
modulus (G) of the experimentally prepared nano-silica gel
is higher than its loss modulus (G"), showing typical gel
characteristics, which is due to the pore size in the gel. The
structure distributes through the entire gel network, increasing
the overall rigidity of the gel. As shown in Fig. 6(e), the
viscoelasticity of the hydrogel sample is in the range of
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Figure 6 Mechanical properties of hydrogel. (a) The tensile properties of the gel (up to 1,200% of the original length). (b) The tensile properties of the gel
after self-healing (up to 1,200% of the original length). (c) Tensile strength. (d) elastic modulus of hydrogels. (e) The viscoelasticity of the sample changes
in the range of 0.1-100 rad/s. (f) The viscosity and shear rate of the hydrogel sample as a function.
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0.1-100 rad/s. The sample can reach up to 0.514 MPa. According
to the hydrogel sample, the modulus curve trend, a rough
estimate of the cross-point hydrogel w = 5 rad/s, G' (w) and G"
(w) are approximately 220 kPa. Figure 6(f) shows the strength
and shear rate of the viscous hydrogel sample is a function. The
viscosity of the sample can reach 1.67 x 10° mPs. Therefore,
the hydrogel prepared by this method has good mechanical
properties.

3.6 Anisotropic conductivity

The original nano-silica hydrogel and the self-healing nano-
silica hydrogel were tested for resistivity by a multimeter. The
indications are 4.083 and 4.276 M(Q, respectively. It shows that
the influence of loss on the hydrogel is relatively small (Fig. 7(a)).
Figure 7(b) shows the different conductivity of the same gel block
in different directions, and the difference can reach 3-4 times
in the samples of this study. This is very useful in the field of
electrochemistry. Figure 7(c) shows the gel resistivity measured by
a Keithley resistivity tester and the gel conductivity calculated
by formula conversion. Figure 7(d) shows the connection of
nano-silica gel to the circuit. Experiments show that, according
to the sealing performance and binding force of the gel, the
gel has a certain degree of conductivity, which directly affects
the smoothness of the ring. Experimental results show that
the hydrogel has electrochemical properties with different
orientations. This is because the hydrogel itself has a special
directional pore structure. So in the direction of the pore
structure, the hydrogel has good conductivity. In the direction
perpendicular to the pore structure, poor conductivity is
observed. Performance. Further exploration will have good
application prospects in supercapacitors, battery separators,
and bionic skin.

2600

tho(ohmcm)

2,400
— Resistance
22004 | — Conductivity

2 4 6 8 10
Frequency

Figure 7 The potential application of hydrogel electrochemistry. (a) Electrical
conductivity of the gel and the self-healed gel measured with a multimeter.
(b) The use of a multimeter to measure the conductivity of the same gel in
different directions. (c) Resistivity and converted conductivity measured
by Keithley's resistivity tester. (d) Influence of the opening and closing of
the gel on the circuit.

4 Conclusion

In conclusion, we report a simple yet novel method to prepare
nano-silica hydrogel materials. Sodium silicate is used as an
inexpensive raw material to make high-valued resulting products.
The obtained hydrogel material displays anisotropic conductivity.
The conductivity difference existing in different directions
can reach 3-4 times. The current research can pave a way for
the pure inorganic self-healing hydrogel system. In addition,
the simple and effective strategies proposed in this research

Nano Res. 2021, 14(8): 2589-2595

provide new insights and opportunities for manufacturing new
products. Furthermore, we could expand their applications to
the field of electrochemistry.
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