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Experimental Section

Materials
Piperazine, Anhydrous Potassium Carbonate, Cyanuric Chloride, Anhydrous 1,4-Dioxane, are 

purchased from Beijing Enoke Technology Co., Ltd. Zinc trifluoromethanesulfonate 

(Zn(OTf)2) was purchased from MacLean Co., Ltd.. Acrylamide (AM) was purchased from 

aladdin Co., Ltd., and bacterial cellulose (BC) was afforded by Hainan Guangyu Biotechnology 

Co., Ltd.

Experimental Section 

6 mmol of piperazine and 12 mmol of anhydrous potassium carbonate were added to a flask. 

Then, 50 ml of anhydrous 1,4-dioxane was introduced into the flask under stirring until 

homogeneous. Under ice-water bath, a mixture of 4 mmol of cyanuric chloride and 20 ml of 

anhydrous 1,4-dioxane was slowly added to the system via dropping. The reaction mixture was 

stirred to be homogeneous, and was then reacted at 90 °C for 36 h under oxygen-free conditions. 

Upon completion of the reaction, the solid product was collected by filtration, and subjected to 

Soxhlet extraction sequentially with dichloromethane and ethanol. Finally, the product was 

vacuum-dried at 100 °C for 24 h, denoted as PAF-6.

Preparation of hydrogel electrolytes
To prepare the composite hydrogel electrolyte, 1 g of acrylamide was dissolved in 10 ml of 

deionized water. 0.2 g of bacterial cellulose and 0.3 g of PAF-6 were immersed in the 

acrylamide solution. Subsequently, the mixture was maintained at 60 °C for 2 h to initiate the 

cross-linking to obtain polyacrylamide (PAM)-based hydrogel. Finally, the obtained hydrogel 

was immersed in 10 mL of 2 M zinc trifluoromethanesulfonate (Zn(CF₃SO₃)₂) aqueous solution.

PAM/BC hydrogel electrolytes without PAF-6 and PAM hydrogel electrolytes without both 

PAF-6 and BC were prepared with the same experimental methods.

Mechanical performance
Mechanical properties of hydrogel electrolytes were measured on a universal mechanical tester 

at a deformation rate of 20 mm min−1. Prior to tensile tests, the hydrogel electrolytes were cut 

into strips with size of 20×10×2 mm3. The compressive test was performed by using the 

cylindrical shaped samples (10 mm in diameter and height). 

Chemical structural characterization 
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The morphology of the samples was inspected on a scanning electron microscope (SEM, JSM-

7610FPlus, Japan). Fourier-transform infrared (FTIR) spectra (Brüker VERTEX 70, Germany) 

were acquired to analyze the chemical components of the samples. The phase structure was 

revealed by X-ray diffraction (XRD) patterns with a Cu Kα radiation source (Rigaku SmartLab 

SE, Japan). The specific surface area and pore size distribution were measured on a nitrogen 

adsorption-desorption instrument (BSD-660, China) at 77 K, and calculated based on the 

Brunauer-Emment-Teller (BET) method and nonlocal density functional theory (NLDFT), 

respectively.

Electrochemical characterization
Linear polarization, and cyclic voltammetry (CV) measurements were carried out on a 

CHI660E electrochemical analyzer by a three electrodes configuration. The three-electrode 

system used for linear polarization test involved the saturated calomel electrode (SCE) (as the 

reference electrode) and Zn foils (as the working electrode and counter electrode). And the 

threeelectrode system used for CV test included the SCE (as the reference electrode), Zn foil 

(as the counter electrode).

The dendrite-inhibition and ion-transmission capabilities of Zn electrodes were investigated in 

symmetric cells with two identical bare Zn foils and different electrolytes. The ionic 

conductivity (σ, S m−1) for hydrogel electrolytes (size: 10×10×2 mm3) was measured via the 

electrochemical impedance spectroscopy (EIS) measurement ranging from 10−2 to 105 Hz, and 

calculated by using the equation S1. 

σ = L/AR
                                                                                    (S1)

where L (m), R (Ω), and A (m2) are the thickness, bulk resistance, and test area of hydrogel 

electrolytes, respectively. 

The Zn2+ transference number (tZn
2+) of hydrogel electrolytes was measured by EIS and 

calculated by the equation S2. 

tZn2+ = (IS (∆V − I0R0))/(I0(∆V − ISRS))                              (S2)

where I0 (A), Is (A), ∆V (V), R0 (Ω), and Rs (Ω) refer to the initial current, steady-state current, 

applied polarization voltage, initial charge transfer resistance, and steady-state charge transfer 

resistance, respectively. 

The cycling and rate performances of symmetric cells (area of Zn foil: 1.1304 cm2, thickness: 

0.1 mm) were measured on a NEWARE CT-4008Tn battery tester. The cumulative capacity 

was calculated following the equation (S3):
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Cumulative capacity =
Current density × Lifespan

2                       (S3)

The flexible Zn|CTPHE|V2O5 ZIB was assembled employing the V2O5 cathode, Zn anode, and 

CTPHE. The V2O5, acetylene black and poly(tetrafluoroethylene) with a mass ratio of 7:2:1 

were ultrasonically blended in the mixture of deionized NMP, and dried. The charge capacity 

at a current density of 0.2 A g-1 was read to be 0.796 mAh on the NEWARE CT-4008Tn battery 

tester . The amount of active material V2O5 was 1.4 mg, and the area of V2O5 cathode was 

0.5024 cm2. The thickness of the Zn anode in the full battery was 10 μm. Its mass was 8.06 mg, 

and its area was 1.1304 cm2. The areal capacity of Zn anode was calculated to be 5.85 mAh 

cm-2, and that of V2O5 cathode was calculated to be 1.58 mAh cm-2 according to the following 

equation S4 and S5. 

Capacityanode =
820 mAh−1 × m

A                                      (S4)

where m is the mass of Zn anode, and A is the area of the Zn anode.

Capacitycathode =
Cc

A
                                             (S5)

Where Cc is charge capacity at 0.2 A g-1. A is the area of the V2O5 cathode. And thus, The N/P 

ratio of The flexible Zn|CTPHE|V2O5 ZIB was maintained at 3.8 according to the following 

equation S6.
N
P =

Capacityanode

Capacitycathode                                              (S6)

The depth of discharge (DOD) was calculated considering both the thickness and mass of the 

zinc foil. The total theoretical capacity per unit area Qtotal (mAh cm2) is calculated using the 

equation (S7):

Qtotal = h × ρ × E                                                (S7)

Where, h is the thickness of the zinc foil, ρ is the density of zinc (7.14 g cm3 ), E is the theoretical 

specific capacity of zinc (820 mAh g).

The Qdischarge is calculated using the equation (S8):  

Qdischarge = I × t                                                  (S8)

Where I (mA cm2) indicates the applied current density, t (h) is the discharge time.

The DOD is then calculated using the equation (S9): 
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DOD =
Qdischarge

Qtotal
× 100%

                                         (S9)

Where, Qdischarge is the discharged capacity per unit area of the battery (mAh cm2). 

For Zn-based half cells, I was set to be 1 mA cm-2, and t was set to be 1 h. 

The active material V2O5 was 1.4 mg, the energy density (E, Wh kg−1) was calculated based on 

the mass of active cathode material, and energy density were obtained from the Neware battery 

test system. The power density (P, Wh kg−1) was calculated as follows: 

 P = 3600 E / t                                                    (S10)

where E is energy density, and t is the time, s.  

Quantitative lifecycle assessment data
1. Summary of comparative carbon footprint analysis and qualitative-semiquantitative assessment

(1) Raw Material Acquisition:

The conventional electrolytes rely entirely on the fossil-based materials. Our system integrates the bacterial 

cellulose (BC), which is a renewable bio-based material with carbon-neutral potential, and can relatively 

reduce the carbon footprint.

(2) Production & Manufacturing:

A key green advantage lies in the aqueous-phase polymerization (at 60°C) for the preparation of 

PAM/BC/PAF-6, completely avoiding the use of toxic organic solvents (e.g., DMF, NMP) applied in the 

traditional syntheses. This eliminated the significant energy consumption and emissions associated with the 

solvent. 

(3) Application performance: 

The superior electrochemical performance, particularly the exceptional cycling stability (>7000 hours) and 

high cumulative capacity, indicates its potentially longer battery service life. This enhanced durability can 

reduce the environmental impact per unit of energy storage over the full lifecycle, representing its crucial 

indirect eco-benefit.

(4) End-of-life & disposal:

The BC component offers inherent biodegradability potential, providing a more environmentally sound end-

of-life option compared to the persistent, non-biodegradable synthetic polymers, such as PVDF.

2. Preliminary assessment of atom economy and environmental impact scores in PAF-6 Synthesis

Theoretical Atom Economy: 

The PAF-6 synthesis reaction is a nucleophilic substitution polymerization of cyanuric chloride with 

piperazine, eliminating only potassium chloride (KCl) as the byproduct, and the theoretical atom economy is 

>85% following the calculation equation:

                             (S11)
Atom Economy (AE) =  

Weight of Desired Product
∑Molecular Weights of All Reactants

× 100
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This indicated that most of the reactant atoms are incorporated into the target product, with minimal waste 

generation (primarily the inorganic salt KCl), aligning with the green chemistry principle of “waste 

prevention”.

Solvent and synthesis conditions: 

The reaction was conducted in anhydrous 1,4-dioxane, which can be properly recovered. The reaction was 

completed in one step, avoiding the cumulative material consumption and energy expenditure associated with 

the multi-step syntheses. This pathway is more economic compared to the multi-step catalytic polymerization 

of traditional polymers, such as poly(ethylene oxide) (PEO).

Byproduct handling: 

The byproduct KCl is an inorganic salt with low toxicity in aqueous solution, making it easier to treat or 

potentially utilize as a co-product. Its environmental risk is significantly lower than that of certain 

organometallic catalysts or organic byproducts.

Calculations
All quantum chemical calculations were performed employing the Gaussian 16, Revision C.01 

software package [1]. The geometric structures of the hydrated zinc ion complexes, [Zn(H₂O)5-

X]²⁺ (where *x* = 1-3), and the isolated water molecules were fully optimized without any 

symmetry constraints. To ensure that the obtained structures correspond to true minima on the 

potential energy surface (rather than transition states), harmonic vibrational frequency analyses 

were conducted at the same level of theory. All optimized structures were confirmed to have 

no imaginary frequencies. The electronic structure calculations were carried out using the meta-

hybrid Minnesota M06-2X density functional theory (DFT) method [2], which is well-regarded 

for its good performance in describing main-group thermochemistry, non-covalent interactions, 

and transition metal systems. The Stuttgart-Dresden effective core potential (SDD) basis set 

[3,4] was employed for the zinc (Zn) atom. The SDD basis set includes a relativistic effective 

core potential (RECP) to account for scalar relativistic effects, which are important for heavier 

elements like zinc. The SMD model is considered a universal solvation model due to its 

parameterization for a wide range of solvents, including water. Furthermore, empirical 

dispersion corrections were incorporated using the Grimme's D3 dispersion correction with the 

original damping function (GD3) [5] to better account for long-range van der Waals 

interactions, which are crucial in weakly bound complexes like ion-water clusters.

The binding energy (ΔE_bind) for the stepwise addition of a water molecule to the zinc aqua 

complex was calculated using the following equation:
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ΔE_bind = E([Zn(H₂O)5_M]²⁺) - E([Zn(H₂O)5]²⁺) - E(M)

Simulation details and methodology 

Molecular dynamics (MD) simulation was performed by Gromacs 2025.1 software.[6] The 

boxes were built by filling molecules randomly using Packmol[7] program. The force field 

parameters of Zn2+ ions and tip4p water model was got from OPLS-AA force field[8]. RESP 

atom charges were used to describe electrostatic interactions. Atomic charges of Zn2+, SO4 - and 

others were multiplied by scale factor 0.7 to correct the polarization effect of ions. The 

molecular force field is consisted of nonbonded and bonded interaction. The nonbonded 

interaction contains van deer Waals (vdW) and electrostatic interaction. For this simulation, an 

energy minimization was firstly employed to relax the simulation box. Then, an isothermal-

isobaric (NPT) ensemble with a 1.0 fs time step is employed to optimized the simulation box, 

where the temperature is set to 298 K and the pressure is set to 1.0 atm. The temperature and 

pressure are kept via the Nose-Hoover thermostat and Parrinello-Rahman barostat, respectively. 

The NPT optimization time was set to 5.0 ns, which is enough long to obtain a stable box size. 

Following the NPT simulation, a canonical (NVT) ensemble with 100.0 ns was performed to 

furtherly optimize the simulation box, the time step is set to 2.0 fs. In all the MD simulation, 

the motion of atoms was described by classical Newton’s equation, which was solved using 

the velocity-Verlet algorithm[9].



Figure S1. The specific synthesis route of PAF-6.



Figure S2. SEM image of PAF-6.



   
Figure S3. (a) N2 adsorption/desorption isotherms of PAF-6; (b) Pore distribution of 

PAF-6.



Figure S4. SEM image of BC.
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Figure S5. Nyquist plots of PAM, PAM/BC, PAM/BC/PAF-6-10, PAM/BC/PAF-6-

20, PAM/BC/PAF-6-30, PAM/BC/PAF-6-40 and PAM/BC/PAF-6-50.



     

Figure S6. Nyquist plots of symmetric cell with Zn electrodes and PAM, PAM/BC 

before and after polarization at an applied voltage of 10 mV and the corresponding I-t 

curve.
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Figure S7. Arrhenius plots for, (a) Zn|PAM/BC|Zn, and (b) Zn|PAM|Zn cells.
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Figure S8. Time evolution of thermodynamic quantities during the NVT equilibration simulation. 

(a) Total Energy of the system versus time. (b) Instantaneous Temperature of the system versus 

time. (c) Instantaneous Pressure of the system versus time.
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Figure S9. CE of Zn|PAM/BC|Cu and Zn|PAM/BC/PAF-6|Cu cell.



 Figure S10. Typical voltage profiles of Zn|CTPHE|Cu cells.



Table S1. Comparison of cumulative capacities for symmetric cells between this 

work and previous reports with various strategies.

Sample

Current 

density

(mA cm−2 

)

Areal 

capacity

(mAh cm−2 

)

Lifesp

an

(h)

Cumulative 

capacity

(mAh cm−2)

Thicknes

s (mm)

Refer-

ences

Zn@SA@Ti

O2-MS

0.5 0.25 2600 650 - 10
LAP@Zn 0.5 0.5 1100 275 - 11
Zn@PAQ 1 1 1750 875 0.01 mm 12

Hedp-Si-Zn 1 1 2000 1000 0.01 mm 13
CF separator 1 1 2000 1000 0.01 mm 14
ZnSO4/TXA 1 1 2000 1000 0.1 mm 15

SAM-Zn 1 0.5 2500 1250 0.1 mm 16
This work 0.5 0.5 7000 1750 0.1 mm -



Table S2. The capacity retention rate of Zn|PAM/BC/PAF-6|V2O5 compared with 

other reported devices.

Sample

Current 

density

(A g-1)

Cycle 

number

Capacity 

retention rate
References

Zn||V2O5 2 1000 75% 17
Zn||PAV 0.2 100 80% 18
PAN||Zn 0.5 1000 82.7% 19
Zn||V2O 0.1 1000 81% 20

This work 1 600 85.1%
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