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Experimental Section

Preparation of BBH electrolytes: First, 0.2 g HA (AR, Aladdin) was added to the 

mixed solvent of 8 g deionized water, 2 g anhydrous ethanol, and 0.2 g glycerol before 

intense mixing through magnetic stirring. After complete dispersion, 1 g gelatin (AR, 

Aladdin, ~250 g Bloom) and 0.2 g CMCS (AR, Shanghai yuanye Bio-Technology Co., 

Ltd) were added to the as-prepared dispersion solution with HA under an 80 °C water 

bath stirring for 3 h. After that, the hot BBH precursor solution was poured into the 

PTFE mold of 10×10×0.1 cm3 rapidly and transferred into the low-temperature box 

under -20 °C for 1 h.  Finally, the BBH electrolytes were obtained after soaking the air-

drying BBH membrane with the 3 m ZnSO4, 0.5 m K2SO4+1 m ZnSO4, or 2 m 

Li2SO4+1 m ZnSO4 electrolytes.

Preparation of GCH electrolytes: First, 1 g gelatin and 0.2 g CMCS were added to the 

10 g deionized water under an 80 °C water bath stirring for 3 h. After that, the hot GCH 

precursor solution was poured into the PTFE mold of 10×10×0.1 cm3 rapidly and 

stand in the 25 °C air environment for 24 h.  Finally, the GCH electrolytes were obtained 

after soaking the air-drying GCH membrane with the 3 m ZnSO4, or 0.5 m K2SO4+1 m 

ZnSO4 electrolytes.

Preparation of GH electrolytes: First, 1 g gelatin was added to the 10 g deionized water 

under an 80 °C water bath stirring for 3 h. After that, the hot precursor solution was 

poured into the PTFE mold of 10×10×0.1 cm3 rapidly and stand in the 25 °C air 

environment for 24 h.  Finally, the gelatin electrolytes were obtained after soaking the 

air-drying gelatin membrane with the 3 m ZnSO4 electrolytes.

Preparation of PAM hydrogels: First, 2 g of acrylamide was added to the 10 g 

deionized water under an 80 °C water bath stirring for 1 h. After that, 0.02 g of N, N-

Methylene-bis-acrylamide and 0.02 g of Irgacure-2959 were added into the solution as 

prepared before stirring for 10 min. After that, the solution was poured into the glass 
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mold of 10×10×0.1 cm3 rapidly under UV irradiation for 20 min. Finally, the PAM 

hydrogel was obtained.

Preparation of BBHS and in-situ gelation process: To prepare the precursor solution 

of BBHS, 0.2 g HA was added to the mixed solvent of 8 g deionized water and 2 g 

glycerol before an 80 °C water bath stirring for dispersion. After that, 0.2 g CMCS and 

2 g gelatin were added to the as-prepared solution at 80 °C with stirring for 12 h. After 

that, keep stirring the solution at 50 °C for backup. Finally, the flexible BBHS-based 

interface can be formed by spreading the BBHS precursor solutions on the skin surface 

and standing for several minutes under treatments of different temperatures. 

Preparation of BBHS Sensors: To prepare the BBHS Sensors, 0.2 g HA and 0.584 g 

NaCl were added to the mixed solvent of 7 g deionized water, 1 g glycerol, and 2 g 

anhydrous ethanol before an 80 °C water bath stirring for dispersion. After that, 0.2 g 

CMCS and 2 g gelatin were added to the as-prepared solution at 80 °C and keep stirring 

for 12 h. Finally, the flexible BBHS Sensors were fabricated by spreading the BBHS 

precursor solutions on the Ag/AgCl electrodes attached to the adhesive bandage at -20 

℃ for 10 min and stand at room temperature for 6 h before using. 

Preparation of GCHS Sensors: To prepare the GCHS Sensors, 0.584 g NaCl were 

added to 10 g deionized water. After complete dissolution, 0.2 g CMCS and 2 g gelatin 

were added to the as-prepared solution at 80 °C and keep stirring for 12 h. Finally, the 

flexible BBHS Sensors were fabricated by spreading the BBHS precursor solutions on 

the Ag/AgCl electrodes attached to the adhesive bandage at -20 ℃ for 10 min and stand 

at room temperature for 6 h before using. 

Preparation of ZnHCF cathodes: The ZnHCF was prepared through a coprecipitation 

reaction strategy1. 50 ml of solution containing 1.89 g Zn(NO3)2·6H2O (AR, Aladdin) 

was added to a 100 ml solution containing 1.27 g K3Fe(CN)6·H2O (AR, Aladdin), drop 

by drop under stirring at 60 °C for 2 h. The obtained solution was aged for 12 hours. 

The precipitate was collected by centrifugation and washed three times with water and 

pure ethanol, respectively. The washed solid product was then dried at 100 °C for 12 h. 
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The ZnHCF cathode was then prepared by mixing 70 wt.% of ZnHCF, 10 wt.% of 

Super P, and 10 wt.% of PVDF as the binder in NMP solvent and cast onto a Ti foil and 

dried for 12 h at 70 °C. 

Preparation of LMO cathodes: The commercial LiMn2O4 powders (Canrud) were 

directly used for the preparation of LMO cathodes. The LMO cathode was prepared by 

mixing 70 wt.% of LMO, 10 wt.% of Super P, and 10 wt.% of PVDF as the binder in 

NMP solvent and cast onto a Ti foil and dried for 12 h at 100 °C. The high mass-loading 

LMO cathodes were prepared by the mixing of LMO, Super P, and PTFE emulsion (60 

wt.%) with a mass ratio of 7:2:1. After emulsion breaking by the absolute ethanol, the 

mixture dough was rolled onto the Ti collector. 

Materials characterization: The tensile strength and tear strength tests of the hydrogels 

were conducted on a universal material testing machine (Instron-5592) with the unified 

standard specimens. All the specimens were stretched along the length direction at an 

extension rate of 100 mm min1. The nanoindentation hardness was characterized on a 

nanoindentation instrument (Bruker Hysitron TI980). The micro-CT imaging was 

conducted by GE Vtomex system with a scanning voltage of 30 kV, current of 50 μA, 

and resolution of 2 μm. The pore structures were tested by the mercury intrusion 

instrument (Micromeritics Autopore V 9620). The thermal properties of hydrogels were 

characterized by a thermogravimetric analyzer (TGA, NETZSC, STA 409 PC) with a 

heating rate of 5 °C min1 in the N2 atmosphere. The electronic structure and 

corresponding composition were characterized by X-ray photoelectron spectroscopy 

(XPS, Thermo Scientific K-Alpha). Characteristic functional groups and bond 

structures were analyzed by the attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR, Thermo Scientific Nicolet iS5) in the range of 4000 to 400 

cm1 with the resolution of 4 cm1. The 1H NMR spectra were characterized using the 

heavy water as a deuterated reagent (Bruker Avance NEO 400MHz). The phase 

structures of hydrogels and Zn anodes were identified by X-ray diffraction (XRD, 

Rigaku Ultima diffractometer with Cu Kα radiation, λ = 1.5418 Å). Morphology and 
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roughness of the Zn anodes were analyzed by optical profiler (Mahr LD130). Scanning 

electron microscopy (SEM, JEOL, JSM-6510) equipped with the energy dispersion 

spectrometer (EDS) was employed to observe the morphology and elements 

distribution of the hydrogels, HA, and Zn anodes. The rheological properties of the 

hydrogel were measured by rheometer (HAAKE MARS60) with a 20 mm diameter 

plater at a fixed shear rate and a heating rate of 5 °C min-1. For in-situ gelation adhesion 

force measurement, the BBHS precursor in liquid form was dropped to the substrate 

and cooled to the set temperature. The peeling force at constant 90° was tested with 

universal material testing machine Instron-5592 at a peeling speed of 50 mm min-1.

Cytotoxicity characterization: The MC3T3-E1 cells were cultured in a proliferation 

medium of 89% MEM-α supplemented with 10% fetal bovine serum and 1% P/S. The 

hydrogels were punched at a size of 6×6 mm2, which were disinfected under ultraviolet 

light for 30 min. Thereafter, the hydrogels were placed in the wells of a 48-well culture 

plate with a density of 2×105 cells/well at 37 °C under 5% CO2.  CCK-8 solution of 

500 μL was added to each well after co-culturing the cells with hydrogels for 48 h, and 

the absorbance at 450 nm were measured after 2 h. The MC3T3-E1 cells of the 

logarithmic growth stage were inoculated into a confocal dish with a density of 2×105 

cells/well for co-culturing at 37 °C under 5% CO2. After 48 h, the culture medium was 

removed and the wells were cleaned three times with PBS. Dilute reagent A (Calcein) 

and reagent B (PI) with complete culture medium at 1:1000 and 1:2000, respectively. 

The staining solution of 1 ml/well was added and incubated at room temperature in the 

dark for 15 minutes before PBS washing and observation. The cell relative viability 

was calculated according to the equation: 

             Equation (1)
𝐶𝑒𝑙𝑙 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦% =

𝑂𝐷𝑒𝑥𝑝

𝑂𝐷𝑐𝑜𝑛𝑡𝑟𝑜𝑙
%

Electrochemical measurement

Electrochemical impedance spectroscopy (EIS), chronoamperometry (CA), linear 
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sweeping voltammetry (LSV), and cyclic voltammetry (CV) were performed on the 

electrochemical workstation (Autolab instrument PGSTAT302N). The AC signal 

ranging from 0.01 Hz to 1000 kHz was used for all the EIS tests. Galvanostatic 

charge/discharge (GCD) cycling tests were carried out on the LAND CT2100A. Tafel 

tests were conducted using a scanning rate of 1 mV s1 with Zn as the working electrode, 

Zn as the counter electrode, and another Zn as the reference electrode. The DRT 

analysis was performed by using DRT Tools2. The equation of ionic conductivity (σ) 

was calculated by the equation:

           Equation (2)
𝜎 =

𝐿
𝑅𝑆

where L represents the thickness of electrolyte, S is the contacting area, and R is the 

bulk resistance from the EIS test. The Zn transference number (tZn2+) test was tested 

based on Chronoamperometry test (CA). At a polarization voltage of 20 mV, the tZn2+ 

was calculated based on the equation:

      Equation (3)
𝑡

𝑍𝑛2 + =
𝐼𝑠(Δ𝑉 ‒ 𝐼0𝑅0)
𝐼0(Δ𝑉 ‒ 𝐼𝑠𝑅𝑠)

where  and  are the initial and steady-state current,  is the applied constant 𝐼0 𝐼𝑠 Δ𝑉

potential (20 mV), and  and  are the initial and steady-state interface resistance, 𝑅0 𝑅𝑠

respectively.

The symmetric and full cells were assembled using commercial Zn foils (100 and 

10 μm) as anodes and Ti foils as collectors. For the ZnHCF and LMO electrodes used 

in normal battery testing, they are both disks with a diameter of 1.4 cm and mass loading 

of ca. 2 mg cm-2. For solid-state battery tests using HA-ZS electrolyte, the Zn||Zn 

symmetric battery was tested in a cylindrical mold with a diameter of 11 mm. Firstly, 

the zinc powders were added into the mold and cold-pressed; then, the HA-ZS 

electrolyte powders were uniformly dispersed onto the as-pressed zinc powders and 

pressed. Finally, the same amount of zinc powder was added onto the as-pressed HA-

ZS electrolyte and co-pressed at 5 MPa to obtain the Zn||Zn symmetric battery. The 

thickness of the HA-ZS layer is close to 400 μm.
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As to the details of the hot-pressing process to help the infiltration of thick 

electrodes, firstly, the BBH electrolyte impregnated with electrolyte was heated in a 60 

°C oven for 10 minutes to soften the gelatin chain segments. Then, the BBH electrolyte 

was attached to the LMO electrode and quickly subjected to a constant pressure of 1 

MPa for one minute to benefit the seamless infiltration of BBH into the LMO electrode. 

For pouch cells, the sizes of anodes and cathodes were both 3×3 cm2. 

For the LSV tests, three kinds of electrolytes were soaked with 3 M ZnSO4 or 1 M 

Na2SO4 (pH=3.5) for 12 h, respectively. The Zn and C@Ti (Super P: PVDF=9:1) with 

a diameter of 14 mm were used as the working electrodes or counter electrodes, and 

another Zn electrode was used as reference electrode. The Electromyographic and 

Electrocardiographic profiles were tested with commercial processing circuits 

(Sichiray) based on the Commercial Sensors (3M) and BBHS Sensors. Tests involving 

human subjects were conducted with the full informed consent of the volunteers, and 

the biocompatible BBHS had no physiological or psychological effect on the 

volunteers. Specifically, the signal-to-noise ratio (SNR) calculation is based on the 

following equation:

        Equation (4)
𝑆𝑁𝑅(𝑑𝐵) = 10 × 𝑙𝑜𝑔10(𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
)

where 𝑃signal represents the mean square value of the signal, Pnoise represents the mean 

square value of the noise signal, which is obtained by subtracting the original signal 

from the smoothed signal.

Computational methods

The models for finite element analysis were designed with a 2×3 mm2 plate. 

Uniformly distributed semi-ellipses with a major axis of 0.09 mm and minor axis of 

0.04 mm represent the HA fillers, and a triangular defect with a height of 0.4 mm and 

a bottom width of 0.1 m was used as the initial crack. The set of Young’s Modulus of 

matrix was 5 MPa, while for the filler was 12 MPa according to the properties on 
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collagen and bone materials.   A body load of 1×106 N m-2 with unilateral fix constraint 

was applied. The MUMPS solver is adopted to solve the models with a less than 1×10-

3 relative error.

The binding energies were calculated using the Gaussian (G09) program at the 

B3LYP-GD3BJ/6-31G(d,p) level3-5. The implicit universal solvation model based on 

Solute Electron Density (SMD) with a dielectric constant of water was employed to 

investigate the influence of the solvents6. The binding energy is calculated based on the 

following equation:

            Equation (5)𝐸𝑏𝑒 = 𝐸𝐴 + 𝐵 ‒ (𝐸𝐴 + 𝐸𝐵)

Among them, the  is the Gibbs free energy of combination A and B and the second 𝐸𝐴 + 𝐵

item is the sum of the Gibbs free energy of individual A and B. 

The adsorption energies and differential charge density were calculated using the 

Vienna ab initio simulation package7. The generalized gradient approximation function 

GGA-PBE was used to describe the exchange-correlation potential energy. Plane-

waves were used with a cutoff energy of 500 eV and a Monkhorst-Pack of k-mesh of 

3×3×1 for the geometry optimization and the calculation of energy. The long-range 

van der Waals (dispersion) correction was considered by using a nonlocal vdW-DF 

functional. The structural parameters were optimized with the energy and forces 

converged to 1×10-5 and 0.02 eV Å-1, respectively. 
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Figure S1. Structural characterization of HA nanorods.  (a) XRD spectra. (b) 

BET tests of HA. (c) SEM images and corresponding EDS mapping of Ca and P 

elements. (d) TEM images. 
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(a)

(b)

20 °C 80 °C

-20 °C 80 °C20 °C

Figure S2. Thermal phase transition process of (a) GCH and (b) BBH.

Choosing a suitable hydrogel skeleton is crucial for achieving biomimetic design 

of bone joints. However, collagen has large molecular weight, complex structure and 

poor solubility, which is expensive and difficult to produce8, 9. Although the excessive 

triple helix structure is conducive to the mechanical properties of natural biological 

tissues, it may lead to processing difficulties and decreased uniformity in artificial 

bionics9. Gelatin is a product of partial hydrolysis of collagen, with a wide range of 

sources and low cost10. Meanwhile, the small molecular weight of gelatin facilitates 

rapid dissolution and formation of a uniform solution, thus facilitating efficient and 

uniform formation of the cross-linked three-dimensional network structure. In addition, 

the partially disordered structure of gelatin is closer to the flexibility and dynamic 

characteristics required for biomimetics, and its combination with CMCS facilitates 

rapid ion transport11, 12. All these properties make gelatin a more advantageous choice 

in the fields of aqueous batteries and human/machine interfaces.
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Figure S3. (a) Mechanism of regulation of ice crystal growth and chain 

contraction. (b) Thickness of BBH and GCH films.

The microstructure of gelatin skeleton is influenced by the freezing cross-linking 

process, since the cross-linking of chain segments is triggered by the nucleation and 

growth of ice crystals13, 14. The liquid region of the prepared hydrogel is derived from 

ice crystals, and a large number of liquid regions will lead to serious side reactions and 

lower mechanical strength9, 15. By introducing ethanol and glycerol to regulate the 

undercooling of sol precursors, and reducing the overall surface tension, the critical 

radius for ice crystal nucleation was lowered15, 16. In addition, the low boiling point of 

ethanol accelerates the subsequent chain shrinkage process, thereby achieving 

densification design through two aspects.
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Figure S4. Comparison of ultimate strength of the hydrogels reported in the 

previous works17-31.
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(a) (b)

Figure S5. The structural models of (a) BBH, and (b) GCH constructed by the 

micro-CT scan. The orange part represents the material structure, while the green to 

purple part represents the pore structure.
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Figure S6. The mercury intrusion tests. The cumulative intrusion of frozen-dried 

(a) BBH, (b) GCH, and corresponding (c) pore-size distribution.
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Figure S7.   Structural stability of BBH. (a) Anti-swelling properties of PAM (top) 

and BBH hydrogel before (left) and after soaking with ZnSO4-based electrolytes for 1 

h. (b) Mechanism diagram of chain segment motion with/without biomimetic 

densification design. 
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Figure S8. The DFT calculation results of the component used in the BBH. (a) 

Energy levels of Glycerol, Gelatin, and CMCS. (b) ESP distribution of Gelatin and 

CMCS.
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Figure S10. Spectral characterization of GCH, BBH, and BBH electrolytes. 

Raman spectra of original (a) GCH, and (b) BBH. (c) XPS survey, and (d) XPS P2p 

spectra of BBH electrolyte. 
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Figure S11. (a) Binding energy between the H2O and components of BBH. (b) The 

TGA tests of BBH cross-linked under +20 and -40 °C.
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Figure S12. Spectra characterization of O-H bonds of water molecule in different 

hydrogel systems. (a) ATR-FTIR spectra of GH, GCH, and BBH. (b) ATR-FTIR 

spectra of BBH, GH, GCH, G0.4CH, and G0.6CH (the adding amounts of CMCS are 

0.2, 0, 0.2, 0.4, and 0.6 g, respectively). (c) NMR 1H spectra of GCH and BBH.

In order to compare the hydrogen bond strength between water molecules in 

different hydrogel systems, we first normalized the infrared spectra. Then the 

normalized absorption intensity of the peaks at 3600 cm-1 and 3200 cm-1, were 

compared and their ratios were applied to achieve a concise semi-quantitative analysis 

in Fig. S12a (ESI†)32. Since the peaks at these two wave numbers correspond to weak 

and strong hydrogen bonding interactions between water molecules, their ratios can 

reflect the regulatory effect of biomimetic densification design on the hydrogen 

bonding network of water molecules22, 32, 33.

The O-H bond stretching vibration signals of water molecules in the hydrogel 

systems with gradient CMCS content were further measured by ATR-FTIR (Fig. S12b, 

ESI†). It can be seen that, with the increase of CMCS content, the O-H bond strength 

of water molecules increases. What’s more, the O-H bond strength of BBH is further 

increased compared to G0.6CH, which proves the effectiveness of biomimetic 

densification design in improving the electrochemical stability window.
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Figure S13. The anions capturing property of HA and transference number of 

BBH electrolyte. (a) Raman spectra of HA and HA-ZS after ions-exchange for 1 h. (b) 

Chronoamperometry test of Zn||Zn symmetric cell using BBH electrolyte under 20 

mV (Inset: The EIS tests before and after Chronoamperometry test).  (c) Comparison 

of transference number of this work and other reports aiming at advanced hydrogel 

electrolytes18, 32, 34-41.
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Figure S14. Characterization of the local phase transition triggered by ions 

exchanged process. XPS spectra and corresponding high-resolution C 1s and O 1s 

signals analysis of (a) HA, and (b) HA-ZS. (c) SEM images and corresponding EDS 

mapping of HA-ZS. (d) TEM images of HA-ZS.
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Figure S15. Ion-exchange process of HA with ZnSO4 electrolyte. (a) XRD spectra 

variation of HA soaked with 3 M ZnSO4 electrolyte along with the soaking time. (b) 

Mechanism diagram of the ion-exchange process between HA and Zn2+ in the BBH 

structure.
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Figure S16. Comparison of ionic conductivities. (a) Conductivities of BBH, GCH, 

and GH electrolytes. (b) Comparison of conductivities of HA-ZS, BBH electrolytes 

with other reports aiming at lean liquid or high conductivity electrolytes33, 42-49.
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Figure S19. The in-situ DRT spectra of Zn||Zn symmetrical cells using BBH and 

GCH electrolytes at 1 mA cm-2. 



28

Figure S20. Rate performance of Zn||Zn symmetric cells using GCH and BBH 

electrolytes.
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Figure S21. Cyclic performance of Zn||Zn symmetric cells using BBH and GCH 

electrolytes. (a) 60%DODZn@1 mA cm-2, (b) 10 mAh cm-2@1 mA cm-2.
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Figure S22. The SEM images of Zn anodes using BBH (top) and GCH electrolytes 

after plating for 1, 5, and 10 h under 1 mA cm-2.
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Figure S23. The XRD spectra of Zn anodes using BBH and GCH electrolytes after 

50 cycles.

Firstly, according to the previous report50, introducing additional small molecule 

components in electrolyte design can cause specific adsorption at the Zn anode 

interface, thereby affecting the plating orientation. On the other hand, introducing bulk 

inorganic crystal materials (e.g. ZnPS3, E-nHAP)42, 51 into electrolyte design can also 

affect the plating orientation through differences in surface affinity between different 

crystal planes. Therefore, we believe that the changes in the crystallographic orientation 

of Zn mainly come from the differences in the components of the GCH and BBH 

electrolyte. We have summarized the changes in the crystal behavior orientation of Zn 

anodes after cycling using inorganic coatings such as hydroxyapatite in previous 

reports51-53. The results show that, unlike the common (002) preferred orientation in 

electrolyte additives design, the introduction of inorganic materials often enhances the 

preferred orientation of the (101) crystal plane51-53. In fact, there have been reports 

suggesting that other orientations such as the (101) and (100) crystal plane play 

important roles in corrosion resistance and cycling reversibility54-57.
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Figure S24. Characterizations of ZnHCF material. (a) SEM images. (b) XRD 

spectra. (c) ICP-OES test. (d) TGA test.

The specific composition of ZnHCF is determined to be 

K1.04Zn1.48[Fe(CN)6]·3.31H2O according to the ICP-OES and TGA results. The XRD 

spectra further reveal that its crystal structure is orthorhombic with space group R-3C. 

The SEM image reveals that the average particle size of ZnHCF is 0.5-1.0 μm, which 

is similar to the previous reports1.



33

Figure S25. Basic properties of LMO cathodes. (a) SEM images of LMO powder. 

(b) XRD spectra. (c) Charge and discharge profiles of Zn||LMO full cells using BBH 

electrolyte. 

For LMO cathode, the specific composition is Li1.27Mn1.73O4 according to XRD 

spectra results, which is cubic with space group Fd-3m. The SEM image reveals that 

the average particle size of LMO is around 50 μm.
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Figure S26. Electrochemical performance of Zn||ZnHCF full cells. (a) CV profiles 

of Zn||ZnHCF full cells using BBH and GCH electrolytes. (b) Rate performance and 

corresponding (c) Charge and discharge profiles of Zn||ZnHCF full cells using BBH 

electrolyte. (d) Cyclic performance at 5 A g-1.
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Figure S27. The electrochemical performance of Zn||LMO full batteries using 

BBH electrolytes under -20/+20/+50 °C. (a) Voltage profiles at 0.1C and -20 °C/+25 

°C. (b) Cyclic performance at 0.5C and -20 °C. (c) Voltage profiles at 0.1 C and +50 

°C/+25 °C. (d) Cyclic performance at 3C and +50 °C.
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Figure S28. Infiltration of practical-level cathodes. (a) Contact angle tests of 

practical-level LMO cathodes (35 mg cm-2) with liquid electrolyte (LE) and melting 

BBH precursor sol. (b) Optical images of seamless and integrated BBH 

electrolyte/LMO cathode.
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Figure S29.  The recycling process and characterizations of Recycled BBH. (a) 

Recycling process of waste BBH. (b) XRD spectra of original BBH and Recycled 

BBH. (c) ATR-FTIR spectra of original BBH and Recycled BBH.



38

(a)

0 10 20 30 40 50
0

50

100

150

200

250

Sp
ec

ifi
c 

C
ap

ac
ity

 (m
A

h 
g

1 )

Cycle Number

N/P = 2.280.1 C

LMO

0

20

40

60

80

100

120

C
ou

lo
m

bi
c 

Ef
fic

ie
nc

y 
(%

)

Mass load: 35 mg cm2

(b) (c)

0 20 40 60 80 100
1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1

 BBH
 Recycled BBH

Vo
lta

ge
 (V

)

Specific Capacity (mAh g1)

LMO

0 10 20 30 40 50
0

20

40

60

80

100

120

 BBH
 Recycled BBHEn

er
gy

 E
ffi

ci
en

cy
 (%

)

Cycle Number

Avg.EE = 90.19%

0.1 C

Avg.EE = 91.53%

Figure S30.  The electrochemical performance of Zn||LMO full cells using 

Recycled BBH electrolyte. (a) Cyclic performance. (b) Charge and discharge profiles 

using original BBH and Recycled BBH electrolytes. (c) Energy efficiency of Zn||LMO 

using original BBH and Recycled BBH electrolytes.
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Figure S31. Voltage profiles of practical level Zn||LMO batteries in series.
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Figure S32. The cost analysis of BBH and BBHS based on the prices of raw 

material mentioned in the Experimental Section part.
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Figure S33. Degradation process and environmental friendliness of BBH.
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Figure S34. Cell viability of the cells incubated with PAM and BBHS.
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Figure S35. The gelation properties of BBHS as the human/machine interface. (a) 

Viscosity variation obtained from the rheology test under variable temperature. (b) 

Optical images of conformal BBHS on the human skin.
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Figure S36. The human/machine interface for temperature and humidity sensing. 

(a) Peeling strength of BBHS adhering to the human skin under different treatments. 

(b) Peeling strength among BBHS, pressure-sensitive adhesive, and PCB interface. (c) 

The optical images of human skin after wearing BBHS.
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Figure S37. The mechanical properties of BBHS-NaCl as the human/machine 

interface. (a) Tensile strength of BBHS and BBHS-NaCl. (b) The temperature-

variation rheology test of BBHS-NaCl, and (c) viscosity obtained from the rheology 

test under variable temperature
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Figure S38. The impedence tests and ECG tests using different sensors. (a) The 

impedence of different sensors. (b) The ECG signals of BBHS and Commercial 

Sensor.
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Figure S39. EMG signals based on the BBHS and Commercial sensors after 

wearing for 12 h.
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Table R1 Mechanical and conducting properties of BBH with different contents of 

CMCS.

CMCS content 

(g)

Tensile Strength 

(MPa)

Breaking Elongation 

(%)

Conductivity

(mS cm-1)

0.1 20.87 8.33 2.79

0.2 30.82 16.64 4.02

0.3 20.43 17.14 3.42

Table R2 Mechanical and conducting properties of BBH with different contents of HA.

HA content 

(g)

Tensile Strength 

(MPa)

Breaking Elongation 

(%)

Conductivity

(mS cm-1)

0.1 14.98 18.51 3.31

0.2 30.82 16.64 4.02

0.3 23.94 13.57 2.73
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