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ABSTRACT: Natural mineralized structural materials like nacre and bone possess a unique
hierarchical structure comprising both hard and soft phases, which could achieve the perfect
balance between mechanical strength and shape controllability. Nevertheless, it remains a
great challenge to control over the complex and pre-designed shapes of artificial
organic-inorganic hybrid materials at ambient conditions. Inspired by the plasticity of
polymer-induced liquid-precursor phase that can penetrate and solidify in porous organic
frameworks for biomineral formation, here we show, a mineral plastic hydrogel with ultrahigh
silica content (~95 wt%) can be similarly hybridized into a porous delignified wood scaffold,
and the resultant composite hydrogels can be manually made into arbitrary shapes.
Subsequent air-drying well preserves the designed shapes and produces fire-retardant and
ultrastrong and tough structural organic-inorganic hybrids. The proposed mineral plastic
hydrogel strategy opens an easy and eco-friendly way for fabricating bio-inspired structural

materials that compromise both precise shape control and high mechanical strength.
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1. Introduction

Organisms evolve a lot of means to fabricate structural biomaterials by effectively reinforcing
the inherently brittle inorganic minerals at ambient temperature. The hard and soft phases are
often comprised in a complex hierarchical architecture with dimensions from nanometer to
macroscopic length scales.[*? For instance, nacre, the innermost layer of mollusk shell, is a
typical super-strong and tough biomineral with a hierarchical “brick-and-mortar” structure
consisting of ca. 95 wt% brittle inorganic phase (aragonitic CaCOs3) and ca. 1-5 wt% flexible
organic phase (chitin and acidic proteins).®l Cortical bone possesses a lamellar hybrid
structure of fibres organized from hydroxyapatite-impregnated twisted collagen fibrils, with
mineralized content ranging from ~30 wt% in antler, ~50 wt% in gazelle, to ~80 wt% in
whale, depending on the requirements of elasticity for animal movements.[ Other examples
can also be found in the intricate scaffold of silica sponge spicules®® and parallel magnetite
rod-based chiton radular teeth®l, Such an intriguing hierarchical structure of biominerals has
inspired numerous studies to fabricate artificial organic-inorganic hybrid structural
materials.["*2l Nonetheless, despite the current progress in bioinspired structural materials
with comparable or even higher mechanical strength than their biological counterparts, most
of the reported artificial organic-inorganic hybrid materials possess only very simple (planar,
cylindrical, etc.) or uncertain shapes.[” >8] In contrast, living organisms like mollusks can
produce their shells with accurate control over complex and fabulous shapes. Easy shape
control is no doubt highly important for biomimetic structural materials, but is still a great
challenging task since the fabrication of hierarchical hard materials with high inorganic
content generally sacrifices the plasticity and shapeability, in particular when hot-processing
becomes a general densifying post-treatment method. Recently, Bai et al. infiltrated a
thermally switchable and self-healing Diels-Alder network polymer in a lamellar alumina
scaffold to endow the resultant rigid composites with shape-programming ability; however,

this method strongly relies on a high-temperature treatment (~120 °C) and the degree of
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shapeability is also limited (high bending angles lead to structural failure).!”] Additive
manufacturing (typically 3D inkjet-printing) also shows its great promise to fabricate
bioinspired hybrid materials with customized unusual shapes and complex architectures, yet
requires specialized printing technology and ink preparation skills.[® 18-1°1 So far, it is highly
desirable to develop a more feasible way to realize the complex shape control of
organic-inorganic hybrid materials without compromising the mechanical strength as living
organisms do at ambient conditions.

Although it remains a mystery in terms of the underlying mechanism of biomineral formation,
amorphous precursors have been shown to play a vital role in molding biominerals into their
final forms.2% In the case of mollusk shell and bone, the penetration of a moldable and
flowable polymer-induced liquid precursor (PILP) phase in a porous organic scaffold is
reported to be the key step for their shape formation.[': 21231 As the metastable intermediate
precursor, PILP would further crystallize and solidify in the chitin/collagen matrix, forming
layered aragonitic platelets or aligned hydroxyapatite nanocrystals contributing to the high
mechanical strength of shell/bone. As recently reported, PILP is actually a polymer-driven
assembly of small amorphous mineral clusters,’**! which behaves as a viscous liquid at the
macroscopic level.? Therefore, PILP is able to not only form a film on a planar substrate but
also penetrate into various nanopores, which plays an important role in the biomineralization
process.?l With these merits, the PILP strategy has been successfully employed to produce
synthetic nacres™™* ¥ and recover the osteoporotic bone.?”! Inspired by the structure of PILP,
our group also developed the concept of mineral plastic hydrogels that are initially composed
of polyacrylic acid and very small amorphous CaCO3 nanoparticles,?! which have found a
few intriguing applications such as mechanically adaptable ionic skin,?®! multifunctional
graphene composites,® organic-inorganic hybrid adhesives,? and polymer binders for

high-performance lithium ion batteries.[?]



Herein, by mimicking the biological route of biomineral formation via PILP penetration and
solidification, we propose an artificial ‘mineral plastic hydrogel’ route to fabricate arbitrarily
shaping organic-inorganic hybrid structural materials, as shown in Figure 1. Delignified
wood (DW) was selected as the porous scaffold owing to its high porosity®3 and wet
shapeability®*, and DW itself is also a good candidate for building structural materials with
simple densification®>%¢1 or filling polymers*°. Silica is an important type of structural
biomineral widely found in the spicules of siliceous sponges® and diatom cell walls“?l, We
first synthesized a new kind of ultrahigh-inorganic-content mineral plastic hydrogel
containing about 95 wt% small silica nanoparticles (~13 nm) physically crosslinked by 5 wt%
poly(N,N-dimethylacrylamide) (PDMA) chains, which can be hybridized into the DW
scaffold via in-situ polymerization. The DW/PDMA-silica composite hydrogels preserve the
good plasticity of PDMA-silica hydrogels and are easily made into any shapes. A subsequent
mild air-drying process binds all the components together, leading to highly strong and tough

structural materials with well pre-designed shapes and good fire-retardance.

2. Results and Discussion

We first investigated the plasticity and solidification process of pure PDMA-silica hydrogels
which are crucial for the shape control and preservation of DW/PDMA-silica composite
hydrogels. PDMAXx-silicay hydrogels were synthesized via free radial polymerization by
adjusting feed ratio, where X is the weight ratio of DMA, and Y is the weight ratio of
colloidal silica nanoparticles. It is interesting to find that, with increasing the silica content,
PDMAXx-silicay hydrogels experience a gradual transformation from elasticity to plasticity,
along with the increase of shear moduli (Figure S1, Supporting Information). Two typical
examples, PDMAsy-silicagssy, and PDMAuow-silicasoss hydrogels were selected for
demonstration. After the removal of external force in the compression test, PDMAso-Silicagse

hydrogel maintains a compressed state yet PDMAuos-Silicasos hydrogel fully returns to the
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initial state (Figure 2a). Polarized optical microscopy further confirms the plastic and elastic
properties of these two hydrogels respectively. As the polarization angle changes from 0° to
90°, elastic PDMAuo%-silicasows hydrogel with a tensile strain of 200% becomes gradually
colorful due to the presence of internal stress,*! while plastic PDMAsy-silicagsy hydrogel
with the same strain is uniformly white due to the light scattering of nanoparticles in the
hydrogel, suggesting the deformation is completely plastic without uneven stress distribution
(Figure 2b, Figure S2 in Supporting Information). Linear viscoelastic (LVE) regions of
PDMAXx-silicay hydrogels with different silica contents can be calculated from the
strain-dependent rheological tests, as shown in Figure 2c and Figure S3 (Supporting
Information). The elastic PDMAuox-Silicasos hydrogel possesses a wide LVE region of ~25%;
in contrast, PDMAsq-silicagsy, hydrogel exhibits a very small LVE region of ~0.15%, which
means its plastic deformation starts to occur at very small strains (Figure 2c). It is noted that,
although elastic PDMA-silica hydrogels with low silica contents have early been
reported,2#°! plastic PDMA-silica hydrogels with such a high silica content are for the first
time synthesized. As Leibler reported, the PDMA adsorption on silica particles (with
diameters comparable with network mesh size) is irreversible because particles are anchored
to gel network by numerous attachments; when one chain detaches from a particle surface
under tension, the achoring site will be replaced by another chain unit.*! In the case of low
silica content, chain adsorption is sufficient and detaching is not easy to occur, leading to the
elastic recovery of hydrogel, while in the case of high silica content, less chain adsorption
makes irreverbile detaching easily take place, reflected by macroscopic large plastic
deformation. For convenience, in the following texts, we abbreviate PDMAs-silicagsy
hydrogel to PDMA-silica hydrogel, as only the plastic one is of interest in this work. For
comparison, under the same feed ratio and synthetic conditions, using other monomers like

2-hydroxyethyl methacrylate (HEMA), acrylic acid (AA), methacrylic acid (MAA),



acrylamide (AAm), and N-isopropyl acrylamide (NIPAM) did not give similar intact plastic
hydrogels (Figure S4, Supporting Information).

The successful incorporation of both the two components in PDMA-silica hydrogel is clearly
evidenced by ATR-FTIR spectral comparison (Figure S5, Supporting Information). TGA
calculated the content of silica in the dried PDMA-silica hydrogel to be ca. 95.2 wt% (Figure
S6, Supporting Information), in accordance with the theoretical feed ratio. Silica particles are
shown to be uniformly dispersed in the polymer matrix judging from the homogeneous
distribution of Si, C, N, and O elements in TEM element mapping (Figure S7, Supporting
Information). Compression tests were performed to evaluate the plasticity of PDMA-silica
hydrogel. The single compressive stress-strain curve (Figure 2d) of a hydrogel cylinder shows
an initial Young's modulus of 3.0 MPa. Replotting this curve in the Mooney-Rivlin
representation*”] clearly shows three sequential stages, i.e. initial fast force-induced softening
(1/x ~ 1-0.98, corresponding to € ~ 0-0.02), followed by a long plastic zone (1/A ~ 0.98-0.63,
corresponding to € ~ 0.02-0.59) and finally densification-induced hardening (1/A ~ 0.63-0.56,
corresponding to € ~ 0.59-0.79). We further carried out progressive cycling compression tests
with increasing strain amplitudes by controlling different holding time between two cycles
(Figure 2e-f, Figure S8 in Supporting Information). It is clear that each compressive process
results in a certain extent of permanent residual deformation, and this residual deformation
rapidly attenuates to zero by extending the holding time. Fixed strain-controlled compression
cycling tests with a maximum strain of 5% and 40% (Figure 2g and Figure S9 in Supporting
Information) both show the great energy dissipation in each compression, and the deformation
is fully irreversible. All the above mechanical results reveal that the studied PDMA-silica
hydrogel is a plastic hydrogel without apparent elastic recovery as being deformed.
Iso-strain-stress relaxation experimentste were further conducted to study the relationship
between stress dissipation and temperature. As shown in Figure 2h, it is obvious that a higher

temperature is prone to promote faster stress relaxation as well as smaller residual stress. A
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stretched exponential function model is utilized to understand the stress relaxation kinetics
which is aligned with the theoretical prediction (Table S1, Supporting Information). In(t*) as
a function of 1000/T is plotted and fitted where an apparent activation energy of 29.9 kJ mol™
is demonstrated by the Arrhenius equation. Such a value falls into the range of
hydrogen-bonding interactions,“’! consistent with the physical adsorptions between silica
particles and PDMA chains in the hydrogel[4 461,

SAXS takes good advantage of studying particle packing as well as polymer-nanoparticle
interactions in PDMA-silica hydrogel and dried hybrid. As shown in Figure 3a, the low q
regime of PDMA-silica hydrogel shows ¢ scattering, indicating that silica particles in the
hydrogel are organized in the form of mass fractals with a branched structure.®® The high q
power law exponent of hydrogel around -3.5 means surface fractal, which may be caused by
the polymer layer on the particle surface. A sphere form factor plus a square well (SW)
structure factor model fitting result reveals that a long-range attractive potential dominates the
spherical particle interactions. While the average particle sizes in the hydrogel and hybrid are
both 13.5 nm without a significant change (Figure S10, Supporting Information), in the
air-drying process, the inter-particle distance becomes shorter, and thus a short-range
sticky-hard-sphere potential (SHS) can be used to describe the colloid particle interactions in
the hybrid sample. The high q power law exponent of hybrid around -4 means that the close
packed silica particles are surrounded by dense polymer matrices with a sharp interface. Such
a transformation of silica particles from a branched structure in hydrogel to close packing in
hybrid is illustrated in Figure 3a, which is also clearly evidenced from the SEM and TEM
images of freeze-dried hydrogel and air-dried hybrid (Figure 3b-d).

We further show that the air-drying process of plastic PDMA-silica hydrogel is very smooth
with uniform shrinkage of both weight and volume (Figure 3e). For a hydrogel cylinder, the
percentage of volume contraction reaches a plateau of 60% in about 24 h. Due to the good

plasticity and uniform shrinkage, PDMA-silica hydrogels can be molded into various shapes
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such as lion, shell, pentagram, or even micropatterned with a coin by gentle pressing, and the
subsequent air-drying well preserves all the shape details of original hydrogels (Figure 3f,
Figure S11, Supporting Information). It is noted that the used silica nanparticles should be
small enough with diameters comparable to the polymer network mesh size for good shape
preservation in the drying process, as too large particles would evitably induce lots of packing
defects that cannot be effectively filled up with polymers.[2l

Similar to the penetration of PILP phase into porous organic framework for biomineral
formation, the plastic PDMA-silica hydrogel can be hybridized into a porous delignified
wood (Sprague) scaffold via infiltration of DMA-silica precursor solution and subsequent
in-situ polymerization (Figure 1). It is observed that the delignification of natural wood leaves
abundant aligned wood cell channels and nanopores (8-25 nm) that are suitable for filling
mineral plastic hydrogel (SEM images and BET pore size distribution in Figures S12-S14,
Supporting Information). Air-drying the resulting composite hydrogels leads to strong hybrid
materials. As shown in the SEM and corresponding elemental mapping images of dried
DW/PDMA-silica hybrid (Figure 4a-b), PDMA-silica hydrogel has completely filled into
wood channels and nanopores and tightly integrated with the wood cells via mechanical
interlocking™Y through precursor infiltration and hydrogel plastic deformation. Moreover, the
abundant functional groups of delignified wood®* *"1 also facilitate strong hydrogen bonding

or van der Waals interfacial interactions with PDMA-silica fillings.

The plasticity of PDMA-silica hydrogels endows DW/PDMA-silica composite hydrogels and
dried hybrids with excellent shapeability, which also helps to erase the rupture of partially
delignified wood fiber in shaping®®¥ (optical images for comparison in Figure S15,
Supporting Information). DW/PDMA-silica hybrids can be thus made into “twist, bench,
hook, wave” shapes, and in principle, arbitrary shapes, by manually shaping the composite
hydrogel and mild air-drying (Figure 4c, Movie S1 in Supporting Information). The air-drying

process of DW/PDMA-silica composite hydrogel also occurs very smoothly with a smaller
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volume contraction than pure PDMA-silica hydrogel (Figure S16 in Supporting Information,
Figure 3e). Meanwhile, the mechanical strength of air-dried DW/PDMA-silica hybrid is
significantly improved owing to the hierarchical assembly of organic and inorganic phases as
well as the abundant interfacial interactions between dried mineral plastic hydrogel and
delignified wood scaffold. For demonstration, a dried hybrid ‘hook’ (thickness ~ 2 mm) can
easily withstand 4 kg of load (Figure 4d). Without consideration of shape design, the
mechanical strength of a planer DW/PDMA-silica hybrid can even be further enhanced by
hot-pressing, which holds 5 kg of barrel water for a long time; for comparison, hot-pressed
delignified wood or natural wood plates are easily broken as the barrel is lifted (Figure 4e,
Movie S2 in Supporting Information).

The load-bearing capacities of DW/PDMA-silica hybrids are directly reflected in
three-bending tests (Figure 4f-g). The air-dried DW/PDMA-silica hybrids and hot-pressed
hybrids possess the ultimate flexural strength/Young’s moduli of 156 MPa/3.2 GPa and 375
MPa/21.3 GPa, respectively, both surpassing those of natural Sprague wood (123 MPa/1.7
GPa). For comparison, hot-pressed delignified wood ranks between hot-pressed
DW/PDMA-silica hybrid and air-dried DW/PDMA-silica hybrid, while air-dried pure
PDMA-silica hybrid is too brittle to bear a heavy load. Tensile tests present the same order of
comparison of ultimate strength and modulus (Figure S17, Supporting Information). The
mechanical performance of DW/PDMA-silica hybrids has been compared with other reported
densified delignified woods*3! and polymer-infiltrated delignified wood compositest®”: -5
(Table S2, Supporting Information). By integrating high amounts of inorganic constituents
(~45 wt%, TGA data in Figure S18, Supporting Information) in a hierarchical design, the
strength and toughness of DW/PDMA-silica hybrids, either hot-pressed or not, are higher than
or comparable to most of purely polymeric wood-based structural materials. Moreover,
puncturing test was also performed to illustrate the higher mechanical strength of

DW/PDMA-silica hybrid. With the same puncturing speed and maximum load, the loading
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displacement of DW/PDMA-silica hybrid is much smaller than natural wood, which is also in
tune with the puncturing depth observed by SEM (Figure S19, Supporting Information).
Sharing with nacre and bone both the organic-inorganic hybrid nature with laminated
structures and a hierarchical composition of hard mineral phase and ductile, soft organic
phase (as evidenced by compressive moduli in Figure S20, Supporting Information), the
improved strength and toughness of DW/PDMA-silica hybrid is presumed to also follow a
complementary intrinsic and extrinsic toughening mechanism.!> 5% When a pressure is
applied, the SEM and corresponding elemental mapping images of a notched
DW/PDMA-silica hybrid have clearly shown the situations of crack propagation at several
lengthy scales (Figure 4h,i). With intrinsic toughening at the nanoscale, the lower-strength
delignified wood scaffold acts to inhibit damage via the plastic deformation caused by relative
siding and debonding among wood cell walls followed by the pulling out and tearing of wood
fibers (yellow arrow)B8l. With extrinsic toughening at larger scales, the energy is further
dissipated by microcracking (white arrows) and crack deflection, branching and blunting in a
tortuous path (blue arrows). It is noted that this toughening mechanism is different from
densified delignified woods®* 561 which already own numerous small cracks for stress
dispersion while DW/PDMA-silica hybrids are inherently crack-less (Figure S21, Supporting
Information). To further quantitatively describe the resistance-to-failure of the studied five
materials, we performed the fracture toughness tests in three-point bending mode, and the
results are present in Figure 4j, where the rising of crack-growth resistance (known as
R-curve) is due to enhanced extrinsic toughening in the wake of cracking.[?l The maximum
value of stable crack propagation (K,c) of DW/PDMA-silica hybrid is about 5.1 MPa m'?,
which exceeds natural wood (2.6 MPa m*?), and far exceeds pure PDMA-silica hybrid (0.2
MPa m¥2). After hot-pressing for densification, the K;c of DW/PDMA-silica hybrid is up to
about 9.1 MPa m*2,

In addition, the effect of wood delignification degree on the mechanical properties of hybrids
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is also discussed (Figure S22 and Table S3, Supporting Information). As natural wood is
treated by NaOH/Na>SO3 mixed solution for the same time, the flexural strength of the hybrid
is highest upon 10 h treatment with hydrogen peroxide, when the residual lignin content of
treated wood is close to 8.9%. We demonstrate that, for sufficient densification and integrity
of DW/PDMA-silica composite hydrogel, a certain amount of lignin is needed. For instance,
in hot-pressing, the binding capacity of remaining lignin can be activated for further adhering
flexible wood fibers. In addition, when the treatment time with hydrogen peroxide is too long
with most of lignin removed, the wood scaffold cannot hold it shape when permeated by the
DMA-silica precursor (Figure S23, Supporting Information). What’s more, different woods
(Sprague, Teak, Beech, and Basswood) were compared for fabricating DW/PDMA-silica
hybrids, and the delignified Sprague wood/PDMA-silica hybrid with the highest density
shows also the highest flexural strength (Figure S24, Supporting Information).

DW/PDMA-silica hybrids also possess good flame retardancy due to the high inorganic
content from the filled PDMA-silica hydrogel. Flammability of the materials (25 <8 <2 mm)
is qualitatively investigated using a direct flame from an alcohol lamp.[“° As shown in Figure
5a-c, DW/PDMA-silica hybrid would self-extinguish after being evacuated from the flame in
45 s and remains intact. In comparison, hot-pressed delignified wood and natural wood
produce significant combustion-supporting phenomena when burned for 10 s, and delignified
wood shows a significant volume reduction during combustion. Limiting oxygen index
(LONBT s further applied to evaluate the flame retardancy of the three materials (Figure S25,
Supporting Information). It is found that the introduction of PDMA-silica is conducive to the
improvement of the flame retardancy of DW/PDMA-silica hybrid with a LOI value of

76%~77%, which is over 50% higher than those of delignified wood and natural wood.

3. Conclusion

In summary, we herein reported a novel kind of mineral plastic PDMA-silica hydrogel with
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ultrahigh inorganic content (95 wt%), which can be molded into various shapes and
accurately replicate micropatterns. Inspired by biomineral formation taking advantage of
plastic PILP phase to mediate crystal growth process, we hybridized the mineral plastic
hydrogel with a delignified wood scaffold via in-situ polymerization. The formed
DW/PDMA-silica composite hydrogels can be made into arbitrary shapes which are well
preserved by subsequent mild and uniform air-drying process. Owing to the organic-inorganic
nature with a hierarchical structure, the air-dried DW/PDMA-silica hybrids exhibit superior or
comparable toughness and strength to most of purely polymeric delignified wood-based
structural materials. Moreover, DW/PDMA-silica hybrids are also self-extinguishing and
flame-retardant. Although the hybrid is inherently hydrophilic to be susceptible to water
attack, proper surface hydrophobic modification can help to improve its stability in water
(Figure S26, Supporting Information). Overall, it is reasonably expected, the present mineral
plastic hydrogel strategy would inspire more researches on constructing biomimetic structural
materials with the integrated properties of precise shape control, excellent flame retardancy,

and extremely high mechanical strength.

4. Experimental Section

Materials: LUDOX® TMA colloidal silica (34 wt% suspension in H20, pH = 4-7, 140 m?/g,
123 g/mL at 25 <) and KPS were purchased from Sigma-Aldrich Co., Ltd.
N,N-Dimethylacrylamide (DMA, >99.0%), 2-hydroxyethyl methacrylate (HEMA),
methacrylic acid (MAA), acrylic acid (AA), acrylamide (AAm) and N-isopropylacrylamide
(NIPAM) were purchased from TCI (Shanghai) Chemical Industry Development Co., Ltd.
Anhydrous sodium sulfite (Na2SOz) and sodium silicate (Na2SiOz) were obtained from
Shanghai Titan Scientific Co., Ltd. Sodium hydroxide (NaOH) was achieved from Sinopharm
Chemical Reagent Co., Ltd. 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PFDTES) was

purchased from Aladdin Reagent (Shanghai) Co., Ltd. Woods (Sprague, Teak, Beech and
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Basswood) were purchased from Old Carpenter Workshop online. DMA and HEMA were
purified with alumina and other reagents were used as received.

Preparation of PDMA-silica hydrogels: The PDMA-silica hydrogels were prepared at 60 °C
for 10 h via polymerizing DMA in the suspension of colloidal silica initiated with KPS. The
feed ratios of DMA and silica are adjusted to obtain PDMAXx-silicay samples, where X = 5%,
10%, 20%, 30%, 40%, Y = 95%, 90%, 80%, 70%, 60%. Taking PDMAs«-silicagse hydrogel
for example, the solution was prepared by mixing 5.54 g of colloidal silica suspension (34
wit%), 99 mg of DMA, and 2.7 mg of KPS under vigorous stirring at ambient temperature.
Lignin removal from wood: 20 g of wood slices were immersed in a solution which was
prepared by dissolving 40 g of NaOH and 20 g of Na,SOz in 400 mL of deionized water and
kept boiling for 10 h. The wood slices were rinsed in boiling water until the color of water no
longer changed. Then wood slices were placed in H202 solution (2.5 M, 800 mL) with 2 g of
Na>SiOz and then kept boiling for 10 h. The semi-finished products were immersed in ethanol
and dried by supercritical CO- for further use.

The lignin content of the samples was measured according to literatureB7). Generally, dry
wood samples (0.2 g, m1) was processed with H2SO4 (72%, 3 mL) for 2 h with vigorous
stirring in a water bath at 25 <C. The mixtures were diluted by adding 69 mL of DI water and
then boiled for 4 h. Afterwards, they were filtered and washed with water. The insoluble
substance was dried in an oven at 60 °C for a night and weighed (m>). The lignin content can
be calculated by the formula: [m2/m1] ><100%.

Preparation of delignified wood (DW)/PDMA-silica hybrids: DMA-silica precursor solution
was first infiltrated into the dried delignified wood scaffold with a vacuum-assisted technique
followed by polymerization at 60 °C for 10 h. The obtained wet DW/PDMA-silica hydrogel
composites were shaped and dried at ambient conditions in air.

For hot-pressing DW/PDMA-silica hybrid and delignified wood, a gradually increased

pressure from 0 to 1 MPa was put on within 1 h to avoid any damage to the material at 100 °C.
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Then, the material was applied with a pressure of 5 MPa for 10 h at 100 °C.

Surface hydrophobic modification of DW/PDMA-silica hybrid: Dried DW/PDMA-silica
hybrid was placed in the mixture of PFDTES (3 mL) and hexane (9 mL), which was then
heated to 40 <C for 3 h.

Characterizations: FESEM images of freeze-dried PDMA-silica hydrogels and air-dried
PDMA-silica hybrids were obtained on an S-4800 microscope at 5 kV. SEM images and
corresponding elemental mapping images of woods, delignified woods, and
DW/PDMA-silica hybrids were taken on a Quanta250 microscope at 10 kV. TEM and
corresponding elemental mapping images of PDMA-silica hybrids were acquired on a
JEM-2100F microscope at 200 kV. TEM samples were prepared by dispersing the ground
hybrid powder in ethanol before depositing on ultra-thin copper grids. TGA was completed on
TA TGADS50 at a heating rate of 10 °C/min under air flow. ATR-FTIR spectra were collected
on a Nicolet 1S50 spectrometer with the ATR diamond crystal. SAXS measurements were
performed at the BL16B Beamline of Shanghai synchrotron radiation facility (SSRF). The
distance of sample to detector is 5 m and X ray wavelength is 1.24 Angstrom. The rheological
behavior of PDMA-silica hydrogels was investigated by a Thermo Scientific HAAKE MARS
modular advanced rheometer using 25 mm parallel-plate geometry. Dynamic frequency sweep
was measured in the oscillation mode with a fixed oscillatory strain of 0.1%. Linear
viscoelastic region measurement from 0.01% to 100% of strain was completed at a fixed
frequency of 10 Hz at 25 °C. Dynamic mechanical analyses were accomplished on TA Q800
in a stress relaxation mode with the strain of 20%. Limiting oxygen indices of materials were
obtained on a M606B digital oxygen index analyzer with the method of GB/T8924.
Brunauer-Emmet-Teller (BET) measurements were carried out on Autosorb-iQ through N2
physisorption with degassing at 100 °C for 6 hours.

Simulation of stress relaxation results: Kohlrausch-Williams-Watts function (KWW function)

was applied to simulate the stress relaxation behavior.
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where 7* is the characteristic relaxation time at which o/0o is the numerical value of 1/e. The
exponent S (0 < S < 1) represents the breadth of the stress relaxation time distribution. z* and
S are the fitting parameters, as shown in Table S1.

Mechanical testing: Compression tests of PDMA-silica hydrogels were carried out on a
universal testing machine (UTM2103, Shenzhen suns technology Co., Ltd.) at a rate of 5 mm
mint. Three-point bending and tensile tests of DW/PDMA-silica hybrids were completed on
UTM2103 with 2000 N load cell. For tensile tests, the samples with a length of 70 mm,
thickness of 2 mm, and width of 8 mm were tested at a loading rate of 5 mm min™. For
three-point bending tests, the samples were prepared with a thickness of 2 mm and width of 8
mm. Tests were performed at a loading rate of 5 mm min! with a support span of 14 mm. For
single-edge notched bend (SENB) tests, the sample width is about 2.5 mm and the thickness
is approach to the width. The depth of notch is about half of the width of sample and then
sharpened. Tests were carried out under a speed of 1 mm min. Quasi-static puncturing tests
were carried out on a machine (ESM301, Mark-10) with 1000 N load cell at a rate of 2 mm
min"t and maximum load of 150 N.

Mechanical calculation: The mechanical calculation of Kic is calculated asl®®!

_ PcS
KIC_ W f(a/ W)

3(a/ W) 2 [1.99-(a/W)(1-alW)(2.15-3.93a/ W+(a/ W)*)]
2(1+2a/W)(1-a/ W)

fa/W)=

where Pic is the maximum force of the force-displacement curve, S is support span, and a, W,
and B, are the initial notch depth, width and thickness of specimen, respectively.

The fracture toughness, Ky, is calculated as

K’ N 2A4p
E(1-v3) B(W-a)

K= \/E(l-vz)[ ]
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Where, E is Young’s modulus of stress-strain curve, v is the Poisson’s ratio, and Ay is the area

underneath the force-displacement curve.

W'an—l Cn'Cn—l
an=an—1+ P Cn
Co=un/f,

Aa=a,-a

where an is the crack length of hybrid, u, is the displacement, and f, is the force of single-edge

notched bending stress-strain curve.
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Supporting Information is available from the Wiley Online Library or from the author.
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Mineral Plastic Hydrogel PDMA
Silica nanoparticle (95 wt%) - J/j n
PDMA (5 wt%) o rlrc"’
CH,

DMA/silica precursor
infiltration & polymerization

Arbitrarily shaped structural material

Porous delignified wood (DW) (DW/PDMA-silica hybrid)

Figure 1. Schematic artificial route for arbitrarily shaped organic-inorganic hybrid structural materials with
the strategy of mineral plastic hydrogel. A silica-based mineral plastic hydrogel with ultrahigh inorganic
content (95 wt%) is first hybridized into a porous delignified wood scaffold via in-situ polymerization. The
formed composite hydrogel can be arbitrarily shaped and subsequent mild air-drying leading to
shape-preserved structural hybrids. L and R represent the longitudinal and radial directions of the tree,

respectively.
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Figure 2. a) Photographs of PDMAsy-silicassss and PDMAuow-silicases hydrogels with 50%
compressive strain. b) Polarized optical reflection of the internal stress in PDMAso-sSilicagsy and
PDMAou-silicasos hydrogels after being stretched by twice the original length. Scale bar = 1 cm. c)
Linear viscoelastic regions of PDMAsu-silicagsy, and PDMAuos-Silicasow hydrogels at a fixed shear
frequency of 10 Hz. d) Mooney-Rivlin plot of the compressive stress-strain curve (inset) of
PDMAGsq«-silicagse, hydrogel indicates three sequential stages, i.e., initial force-induced softening, long
plastic deformation, and finally hardening. The deformation ratio, A = ¢ +1, and Moony stress, ¢~ =
o/(4-4?). e) Cycling compressive stress-strain curves with increasing strain amplitudes. f) Deformation
recovery as a function of holding time (thoiding) under different controlled strains. g) Cycling
compressive stress-strain curves at a fixed strain of 40%. h) Iso-strain-stress relaxation curves at

different temperatures. The inset is corresponding fitted result from Arrhenius equation.
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Figure 3. a) SAXS intensity plots against scattering vector (q) of plastic PDMA-silica hydrogel and dried
hybrid. The solid lines present the fitting results by combined sphere form factor and structure factor
models. The inset is a schematic diagram of structural changes in the drying process. b) SEM image of
freeze-dried PDMA-silica hydrogel (the inset is a high-magnification view). ¢) SEM image of the surface
of air-dried PDMA-silica hydrogel. d) TEM image of air-dried PDMA-silica hydrogel. ) Time-dependent
weight and volume changes of PDMA-silica hydrogel upon air-drying at room temperature. f) Digital
photographs for demonstrating the moldability of PDMA-silica hydrogel (top) and the replication of coin

micropatterns (bottom). Air-drying preserves the whole shapes and microstructures of hydrogels. Scale bar:
lcm.

23



Broken as lifted

© —— DW/PDMAsilica hybrid
o 400 (hot-pressed)
= ~—— Delignified wood
= (hot-pressed)
£ 300 —— DW/PDMA-silica hybrid
g’ ~— Natural wood
o ~—— PDMA-silica hybrid
ﬁ 200
‘.5'
% 100
o
w

0 : i :

0 3 6 9
g Flexural strain (%)

4001 DW/PDMA-silica hybrid

g :25 g (hot-pressed)

;300 { 120 'é_-. 8+ °§ cp&o Delignified wood
B = hot-pressed)

=) = £ o (hot-f

£ 115 3 & s_m’w AA AMA

2200 o B & Lanas® DW/PDMA-silica hybrid
» E s 00 0O

i 10 = £, 4l

e [ g OO0 Natural wood

2 2 B X bYW VYV VYV VVVV VVVY

: : 2

PDMA-silica hybrid

nnn 0o, n,.n0noon

0 . .
00 02 04 06 08 1.0
Crack extension, Aa (mm)

Figure 4. a, b) SEM and corresponding elemental mapping images of DW/PDMA-silica hybrid viewed
from the R and L directions, respectively. c) DW/PDMA-silica hybrids can be in the shapes of twist, bench,
hook and wave via shaping the composite hydrogel and drying. d) An air-dried hybrid hook withstands 4 kg
of load. ) Mechanical comparison of three materials, (i) DW/PDMA-silica hybrid (hot-pressed), (ii)
delignified wood (hot-pressed), and (iii) natural wood. The hot-pressed DW/PDMA-silica hybrid plate (65
mm long <5 mm wide % 1.8 mm thick) is able to hold 5 kg of barrel water for a long time, while the other
two are easily broken. f, g) Flexural stress-strain curves and corresponding flexural strength and moduli of
DW/PDMA-silica hybrids (hot-pressed or not), delignified wood (hot-pressed), natural wood, and
PDMA-silica hybrid (sample number = 3). h) SEM and corresponding elemental mapping images of crack
propagation of a notched DW/PDMA-silica hybrid. The blue arrows indicate the directions of crack
propagation. i) is the enlarged view of rectangular area. The yellow arrow indicates the pulling out of wood
fibers and white arrows indicate the positions of small cracks. j) Crack-resistance curves of the studied five

materials.
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Delignified wood
(hot-pressed)
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Figure 5. Flame retardancy test of (a) DW/PDMA-silica hybrid, (b) delignified wood (hot-pressed), (c)

natural wood using a direct flame from an alcohol lamp.
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Inspired by biomineral formation taking advantage of ‘plastic’ polymer-induced liquid
precursor phase for precise shape control, an ultrahigh-inorganic-content mineral plastic
hydrogel (95 wt%) is hybridized into a porous delignified wood frame, leading to arbitrarily
shaped wood/mineral composite hydrogels. Subsequent air-drying preserves all the
pre-designed shapes and produces ultrastrong and tough hybrid materials.
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