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Reagents
Calcium chloride dihydrate (CaCl2·2H2O, 99%) was purchased from Sigma‒Aldrich Co., Ltd. Thioctic acid (C8H14O2S2, TA, 99%) was purchased from Adamasi Reagents Co., Ltd. Triethylamine ((C2H5)3N, TEA, 99.5%), ethanol (C2H5OH, 99%) and acetone (C3H6O, 99.5%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Anhydrous sodium carbonate (Na2CO3, 99.8%) and chloroform-d (CDCl3, 99.8%) were purchased from Aladdin Reagent Co., Ltd. Commercial ceramic blocks of aluminium nitride (AlN), zirconia (ZrO2), alumina (Al2O3), and silicon carbide (SiC) were purchased from Pecko Electronics Technology Co., Ltd. Commercial metal alloy plates of aluminium (Al), nickel (Ni), copper (Cu), titanium (Ti), tungsten (W), and steel (Fe) were purchased from Cheng Shuo Metal Material Co., Ltd. Commercial plastic boards of polypropylene (PP), polytetrafluoroethylene (PTFE), polyvinyl chloride (PVC), polymethyl methacrylate (PMMA), and phenolic resin (PF) were purchased from Kelian Plastic Board Co., Ltd. Silicone rubber and nitrile-butadiene rubber (NBR) sheets were purchased from As ONE Co., Ltd. All reagents and materials were used as received without further purification.
Preparation of samples
TA-CCO hybrid molecules were synthesized as follows. First, 0.64 g of TA was completely dissolved in 100 mL of ethanol to form a 31 mmol L-1 TA ethanol solution. Then, 100 mL of freshly prepared 15 mmol L-1 CCO was added dropwise under vigorous stirring to 100 mL of the 31 mmol L-1 TA ethanol solution for 30 min. The calcium carbonate ionic oligomer was synthesized according to the modified method described by Liu et al22. The temperature was set to 25 °C and intensive lights were also avoided. Finally, a TA-CCO hybrid molecule solution was obtained after another 8 h of vigorous stirring.
The poly(TA-CCO) bulk was prepared by crosslinking and polymerization of TA-CCO hybrid molecules. The above TA-CCO molecule solution was concentrated by centrifugation (6010 g, 5 min, Allegra 64R Centrifuge, Beckman Coulter) and washed with ethanol twice to remove impurities. A light-yellow gel was obtained after the supernatant was removed. Next, the gel was dried in a vacuum oven at room temperature for over 12 h. The dried powders were placed into the cavity of a hot-pressing mould for assembling press dies with diameters of 10 mm. Then, the hot-pressing mould was placed in a 24 T manual hydraulic pressing machine and compacted at a pressure and temperature of 110 MPa and 120 °C, respectively, for 10 min. After the temperature dropped to room temperature, the pressure was removed. Finally, the yellow transparent poly(TA-CCO) bulk was obtained. Similarly, different shapes of poly(TA-CCO) bulks (triangles, squares, rectangles, etc.) can also be prepared by changing the cavity shape of the hot-pressing mould with the same steps.
The recycling process for poly(TA-CCO) bulk was similar to the preparation protocol. The broken pieces of poly(TA-CCO) bulk were ground into powders. Then, the poly(TA-CCO) powders were placed into the cavity of a hot-pressing mould and compacted at 120 °C and 110 MPa for 10 min again. Recycled poly(TA-CCO) bulk was obtained after cooling to room temperature.
For comparison, pTA and pTA-NP nanocomposites were prepared. First, 2.56 g of TA powder was added to a flat glass bottle and heated to 120 °C in an oil bath. A yellow transparent TA liquid with low viscosity was obtained. Next, the TA liquid was taken out to the mould. After cooling to room temperature, a viscous pTA bulk was obtained. Similarly, 1.28 g of TA powder and 0.93 g of amorphous CaCO3 nanoparticles (average diameter: 41.3 nm) were premixed by mechanical grinding and heated to 120 °C to obtain an opaque liquid mixed solution. Amorphous CaCO3 nanoparticles were synthesized according to the modified method reported by Kojima et al51. Finally, the mixed solution was vigorously stirred for 60 min at 120 °C until the CaCO3 nanoparticles mixed uniformly with the TA. The TA-CaCO3 nanocomposite (pTA-NP) was obtained after cooling to room temperature.

Characterization methods
Mass spectrometry
High-resolution mass spectra were recorded on a Shimadzu IT-TOF (Shimadzu, Japan) mass spectrometer equipped with QIT (ion trap) and TOF (time-of-flight) technologies. The mass spectrometer was operated in the full MS scan and automatic multiple-stage fragmentation scan modes. In full MS scan mode, the ion accumulation time was 30 msec. The original TA-CCO hybrid molecule solution, TA solution, and CaCO3 oligomer solution were all directly used for analysis by mass spectrometry. For the TA-CaCO3 nanoparticle mixed solution, TA and CaCO3 nanoparticles were premixed in acetone and reacted for 8 h while stirring. Acetone was chosen as the solvent to retain the stability of the amorphous CaCO3 nanoparticles52,53. All presented data were corrected by subtracting background data.

Nuclear magnetic resonance spectroscopy (NMR)
The liquid NMR spectroscopy of the TA-CCO hybrid molecule was performed on a 600 MHz Direct Drive 2 NMR spectrometer (Agilent, America). The original TA-CCO solution (3.2 mg mL-1, 0.4 mL) was added to an NMR tube containing CDCl3-d, which was sealed in a capillary tube. The 13C spectrum was measured immediately at room temperature. As control groups, the spectra of a TA solution (3.2 mg mL-1), CCOs solution (1.5 mg mL-1), and TA-CaCO3 nanoparticles mixed solution were also measured with the same method. Solid NMR spectra were determined with a 600 MHz Avance III HD NMR spectrometer (Bruker, Sweden).

Dynamic light scattering
The hydrodynamic diameter distributions of CCOs were measured with a dynamic light scattering photometer (ZEN 3600, Malvern Instruments). The original CaCO3 oligomer solution (0.5 mg mL-1) was directly measured at 25 °C.

Inductively coupled plasma‒optical emission spectrometry (ICP‒OES)
The elemental concentrations of as-prepared samples were determined by ICP‒OES. The samples were analysed by a 720ES axially viewed simultaneous ICP‒OES system (Agilent, America). The plasma flow was set to 15.0 L min-1. Each sample was measured three times.

Fourier transform infrared spectroscopy (FTIR)
FTIR spectra were obtained with an IRAffinity-1 infrared spectrometer (Shimadzu, Japan) with 30 scans collected from 4000-400 cm-1 at a resolution of 4 cm−1. The backgrounds were determined using blank KBr plates.

X-ray photoelectron spectroscopy (XPS)
XPS experiments were performed using a K-alpha X-ray photoelectron spectrometer system (Thermo Scientific, America) with a monochromatic aluminium source (Al Kα = 1486.6 eV) of X-ray excitation. The operating voltage and current were set to 12 kV and 6 mA, respectively. The core-level and survey spectra were measured with pass energies of 50 eV and 100 eV, respectively. The standard C 1s peak located at 284.6 eV was used as a reference.

Transmission electron microscopy (TEM)
High-resolution TEM (HRTEM) images of the TA-CCO hybrid molecules were acquired with a JEM 2100F microscope (JEOL, Japan). The ultra-diluted TA-CCO hybrid molecule solution was sprayed on an ultrathin carbon film to avoid species aggregation. Multiple images were acquired and integrated with ImageJ to increase the signal-to-noise ratio. The contrasts of the samples were enhanced by using the bandpass filter in ImageJ54. To directly observe the intermediates in the crosslinking and polymerization processes converting TA-CCO from molecules to bulk poly(TA-CCO) material, the concentrated TA-CCO solution was sprayed on an ultrathin carbon support film. Then, the carbon support film was placed in a dry oven at 120 °C to apply the temperature that would induce the ring-opening polymerization process of disulfide bonds. Due to rapid evaporation of ethanol at high temperature and relatively low capillary force to promote intermolecular bonding, only TA-CCO hybrid molecules in close proximity could be crosslinked and polymerized with each other. The actual crosslinking and polymerization of TA-CCO hybrid molecules could be suspended and observed ex situ by TEM. TEM images were obtained on an HT-7700 microscope (Hitachi, Japan) operating at 120 kV.
Ultrathin sections of poly(TA-CCO) bulk was prepared for HAADF-STEM and 3D cryo-TEM observation with a dual-beam Quanta 3D FEG system (FEI, America), which was fitted with a liquid gallium ion source. A layer of platinum (thickness, ~1 nm) was deposited over a region of interest to protect the surface from ion beam damage during the milling processes. The thin sections were lifted out and transferred onto a copper grid for further characterization. The HADDF-STEM images were obtained through an aberration-corrected Tecnai G2 F20 microscope (FEI, America). EDXS spectra were obtained with an energy dispersive X-ray spectrometer (Oxford-T80, NanoLab Technologies Inc., America). The 3D cryo-electron tomography reconstruction of the poly(TA-CCO) bulk was performed on a Titan Krios (FEI, America) cryo-TEM with an operating voltage of 300 kV. A Thermofisher autoloader operating at -190 °C was used. Multiple images were recorded using a Gatan K2 Summit direct electron detector, and a tilt series were recorded at different angles between -60° and +60°. 3D tomographic reconstruction of the tilt series was performed by using the IMOD software program (version 4.1.1)55, and the resulting volume was visualized using UCSF Chimera software (version 1.16)56.

X-ray diffraction (XRD)
In situ X-ray diffraction measurements were performed on an Ultimate-IV diffractometer (Rigaku, Japan) with an incident X-ray wavelength of 1.54 Å. The operating voltage and current were 40 kV and 30 mA, respectively. The range for measurements of 2θ was 5-140°, and the scan speed was 15° min-1. The initial sample was the original TA-CCO hybrid molecule solution, which was prepared on a quartz plate. The gel of TA-CCO was used next to determine in situ changes in the Ca-O coordination number during crosslinking. Each measurement interval was 30 min or until the gel was completely dried to powder. Ethanol was used as the background. The total pair distribution function (TDF) was calculated from the in situ diffraction data using PDFgetX3 software57 (Version 2.0.0). All parameters were applied according to the instructions. After that, integration(I) of the peak at approximately 2.4 Å was calculated with the following equations:



where the peak at approximately 2.4 Å is located between rmin and rmax, which is contributed by the first coordination shell of Ca-O24. Due to the uncertainty of the exact ρ for the gel during crosslinking of TA-CCO molecules, integration (I) was performed to reflect the tendency of Ca-O coordination along with crosslinking of TA-CCO hybrid molecules by assuming that the content of ethanol was 100% and 0%, respectively. To evaluate the changes in the poly(TA-CCO) bulk before and after recycling, high-resolution X-ray diffraction measurements were carried out on a D8 Discover diffractometer (Bruker, Germany) with an incident X-ray wavelength of 0.56 Å. The X-ray diffraction data were collected from 3.8-130° at an acceleration voltage of 40 kV and a current of 40 mA. Capillaries were used as the background.

Raman spectroscopy
Raman spectra were acquired with a laser confocal micro-Raman spectroscope (LabRAM HR Evolution; Horiba Scientific, France) with a 532 nm laser source. The liquid samples of TA in ethanol and TA-CCO ethanol solution were encapsulated in capillary tubes for measurements. The poly(TA-CCO) bulk was measured directly, and the measurement range for all samples was 200~1500 cm-1.

Ultraviolet‒visible (UV‒Vis) spectroscopy
UV‒Vis transmittance measurements were carried out on a UV3600 plus (Shimadzu, Japan) UV‒Vis spectrophotometer over the wavelength range of 200~800 nm. The thicknesses of all samples were 2 mm.

Scanning electron microscopy (SEM)
A cross-section of poly(TA-CCO) bulk was prepared for SEM characterization with a Helios NanoLab G3 UC (FEI, America) instrument. A rectangular groove with a length of 27 µm and a width of 13 µm was obtained by using a Tomahawk ion column. SEM images were acquired by using field-emission SU-8010 microscopy (Hitachi, Japan) with a secondary electron detector. All samples were mounted on an aluminium stage with carbon tape and copper strips. Prior to SEM analyses, the etched surface of poly(TA-CCO) was sputtered with a ca. 5 nm thick Pt layer to reduce the charging effect. The operating voltage was 5 kV with a working distance of 6-8 mm.

Small angle X-ray scattering (SAXS)
SAXS experiments were carried out on an XEUSS SAXS/WAXS (Xenocs, France) system operating at 50 kV and 0.60 mA. Scattering intensity was monitored by a PILATUS 100K detector system. Cu Kα X-rays with a wavelength of 0.15148 nm were used, and the distance of the sample to the detector was set at 1365 mm. The measurement time was 600 s for each measurement. The two-dimensional scattering patterns were azimuthally integrated to afford one-dimensional profiles presented as a scattering vector (q) versus scattered intensity. The Teubner-Strey model29 was used to fit the bicontinuous structure of the poly(TA-CCO) bulk. In the model, the scattering intensity is defined as

where I(q) is the scattering intensity and q is the scattering vector.  ≡ ∆ρ is the difference in the scattering length density, and  and  are the volume fractions of the two components. The parameters a2, c1, and c2 are fitting coefficients for the model. After fitting the experimental SAXS data in the correlation peak to the model, two parameters33 were extracted: periodicity (d) and amphiphilicity factor (ƒa).




where the periodicity (d) is a measure of the repeat distance between alternately arranged organic TA and inorganic CaCO3 networks. After calculation, the periodic distance of the organic‒inorganic network showed a value of 3.2 nm. If the ratio of the average widths of the TA and CaCO3 networks is approximately the volume ratio of these two networks58, the average width of the TA network is estimated to be approximately 2.2 nm, and the width of the CaCO3 network is approximately 1.1 nm. The amphiphilicity factor (ƒa) was used to determine the amphiphilic strength on a uniform system-independent scale59. The covalent-ionic network of poly(TA-CCO) showed a ƒa value of -0.91. This is almost consistent with the co-network of di- or tri-block copolymer (-0.9) produced by copolymerization of different organic monomers33, which further proved the successful formation of the covalent-ionic bicontinuous and periodic network of poly(TA-CCO) that was similar to traditional copolymer with a co-network.

Nanoindentation
Nanoindentation testing was performed with an iNano nanoindenter (KLA, America) equipped with a diamond Berkovich tip (tip radius of approximately 20 nm). Each sample was stored, and the data were obtained at 25 °C with a relative humidity of 40%. Before each test, the tip was calibrated with fused silica, and thermal drift was corrected to below 0.05 nm s-1. The load function consisted of a 10 s loading to 50 mN and then a 10 s unloading. The applied load force and the depth of penetration into the samples during indentation were continuously recorded by the computer. The resulting indentations in a grid array were ca. 50 μm apart, and the hardness and modulus were calculated from the unloading curve of each, with fitting to the Oliver-Pharr method60. More than 10 indentation locations were selected for each sample to ensure the reliability of the results. In situ nanoindentation inside the SEM was carried out with a PI 85 Piconindenter (Hysitron, America) equipped with a 5 µm flat-punch diamond tip. Silicone rubber was selected as the control to exhibit deformation and resilient behaviour similar to those of poly(TA-CCO) bulk. Videos were recorded throughout the loading process and lasted for 2 min after unloading.

Atomic force microscopy (AFM)
AFM images of the residual indentations of all samples were acquired under ambient conditions (temperature, 25 °C; relative humidity, 40%) by using a multimode atomic force microscope (Nano-Scope IVa, Veeco, America) in tapping mode. All images were analysed with image analysis software (NanoScope Analysis version 1.7).

In situ mechanical tests
The dual-beam Quanta 3D FEG system (FEI, America) was used to prepare pillars of poly(TA-CCO) bulk for in situ mechanical tests. The milling current was controlled as low as possible (1.5 pA) to minimize FIB-induced damage. The aspect ratio (pillar height/width) was maintained at approximately 3 to minimize the effects of pillar geometry. In situ compression tests were carried out by using a PI 85 Piconindenter (Hysitron, America) equipped with a 5 µm flat-punch diamond tip inside the SEM, with a specially designed system for applying loads up to 10 mN. The micro-nano testing system for SEM allowed real-time observation of the deformation process. The loads were applied to pillars by moving the indenter towards the pillars in displacement control mode. The piezoelectric transducer was corrected prior to each test. We compressed the pillars with a displacement rate of 2 nm s-1 to eliminate strain-rate effects. The raw force-displacement curves were recorded by the sensors of the instrument. Stresses and strains were calculated based on pillar diameter and height. An in situ video was recorded during the entire compression test.

Measurement of apparent density
The density of the poly(TA-CCO) bulk was measured at room temperature with an AccuPyc 1340 gas pycnometer (Micromeritics, America) using the gas displacement technique with helium. Twenty purge cycles were followed by five measurements. The densities of the samples were calculated from the obtained average volume and separately measured masses.

In situ temperature and pressure various Raman spectroscopy 
Temperature‒pressure various Raman spectra were collected in situ using a LabRAM HR Evolution (Jobin-Yvon, France) spectrometer. A diamond anvil cell (One20DAC, Almax easyLab, Belgium) with a 500 µm culet diamond and a 200 µm thick rhenium gasket was used to provide fixed pressures. The program-controlled heating wire inserted into the DAC provided a controlled temperature. Spherical ruby and silicone oil were added next to serve as pressure maker and pressure transmitting medium. The pressure was fixed to 110 MPa, and the temperature was ramped to 120 °C and then dropped again. Raman data were acquired for every 20 °C change in temperature by excitation with a 532 nm Nd:YAG laser beam. A diffraction grating of 1800 g/mm was used to perform measurements with good spectral resolution.

Differential scanning calorimetry (DSC)
DSC measurements were carried out on a TA Q200 differential scanning calorimeter (TA, America). Powders of each sample were weighed and placed in an aluminium pan. Then, the sample was heated from -20 °C to 180 °C at a heating rate of 10 °C min-1 under a nitrogen atmosphere. The flow rate of the nitrogen stream was 50 mL min-1.

Dynamic mechanical analysis (DMA)
DMA tests were performed with a TA Q800 analyser (TA, America) in three-point bending mode with a frequency of 1 Hz while heating from 25 °C to 180 °C at a rate of 5 °C min-1.

Finite element method (FEM) simulations
A 3D finite element model was developed using the COMSOL Multiphysics Package61 (Version 6.0). In the simulations, a 3D bicontinuous network (25 nm × 25 nm × 25 nm) was adopted, as shown in Extended Data Fig. 8a, d. The bicontinuous network in the FE model contained randomly tortuous linear-like distributions and staggered arrangements of inorganic (CaCO3) and organic (TA) segments with average widths of 1.1 nm and 2.2 nm, respectively, which were consistent with the 3D cryo-TEM tomography reconstruction of poly(TA-CCO) bulk. For comparison, a 3D nanocomposite model (500 nm × 500 nm × 500 nm) was created as well. The CaCO3 nanoparticles (50 nm) were randomly distributed in the pTA matrix without any aggregation to mimic the traditional nanocomposites. The volume ratio and material parameters of CaCO3 and TA were the same as those of the bicontinuous network model. FEM simulation was performed using COMSOL/Standard to analyse the Von stress distributions of the uniaxial compression process. In the simulations, organics and inorganics were both assumed to be isotropic. During uniaxial compression, the bottom of the bicontinuous network or nanocomposite model was fixed, and the top was prescribed vertically downward displacement. The number of 3D meshes for the bicontinuous network and nanocomposite model were 628686 and 546649, respectively, which were all tetrahedral elements and passed mesh independence verification. The Von stress distributions at strains of 0%, 2%, 5%, and 10% were extracted from the simulations for comparison.
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