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11 Chemicals and Materials

12 Phosphonitrilic chloride trimer (N3P3Cl6, 98%), p-hydroxybenzaldehyde (AR), m-Phenylenediamine 

13 (m-PD, 98%), ammonium metavanadate (NH4VO3, ≥99.9%), and citric acid (C6H8O7, ≥99.5%)were 

14 purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Dimethyl 

15 sulfoxide (DMSO), tetrahydrofuran (THF), potassium carbonate (K2CO3), N-methylpyrrolidone 

16 (NMP), and acetone were obtained from Sinopharm Chemical Reagent Co., Ltd. (China). All 

17 chemicals were used as received without further purification.

18 Synthesis of HAPCP and PPOP

19 N3P3Cl6 (2.09 g, 6.0 mmol) and p-hydroxybenzaldehyde (4.5 g, 36.8 mmol) were added sequentially 

20 to a 50 mL THF solution containing K2CO3 (10 g, 10.8 mmol). The mixture was heated to 50 °C and 

21 stirred under a nitrogen atmosphere for 3 days. After cooling to room temperature, 100 mL of water 

22 was added, and the reaction mixture was stirred for an additional 3 h at room temperature. The 

23 resulting precipitate was collected by filtration, washed thoroughly with water until it turned white, 

24 and dried under reduced pressure at 60 °C for 48 h to yield the hexakis (4-formylphenoxy) 

25 cyclotriphosphazene (HAPCP) monomer in 90% yield.
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2 Scheme S1: Schematic illustration of the synthetic routes of HAPCP [N3P3(OC6H4CHO)6]

3 Under a nitrogen atmosphere, HAPCP (400 mg) and DMSO (4.0 mL) were added to a 25 mL reaction 

4 vessel. After stirring for 5 min, the m-PD (150.7 mg) dissolved in DMSO (2 mL) was introduced at 

5 a rate of 0.05 mL min-1 at 50 °C using a syringe pump over 45 min. The oil-bath temperature was 

6 then gradually increased to 160 °C over 20 min. After the nitrogen flow stopped, the system remained 

7 under a nitrogen atmosphere. When the oil bath reached 160 °C, reflux became visible inside the 

8 flask, and bright yellow to dark-brown solid precipitates typically formed within 10–30 min. The 

9 reaction was maintained at 160 °C under nitrogen for an additional 24 h. Upon completion, the 

10 mixture was cooled to room temperature, filtered, and washed three times with anhydrous 

11 tetrahydrofuran, followed by Soxhlet extraction with THF for 24 h. The final product was dried under 

12 vacuum at 60 °C for 24 h to obtain PPOP solid, being ground with a mortar and pestle into a fine 

13 powder. 
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15 Scheme S2: Schematic illustration of the synthetic routes of PPOP

16 Synthesis of ammonium vanadate (NVO).

17 2.632 g of NH4VO3 was dissolved in 90 mL of deionized water, then 4.323 g of C6H8O7 was added. 

18 The mixture was stirred in a 70°C water bath for 30 minutes and then transferred to a 150 mL teffon 
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1 lined autoclave and heated at 180°C for 10 h. After natural cooling to room temperature, the resulting 

2 precipitate was separated by centrifugation and washed three times with deionized water and ethanol. 

3 The final product was dried at 80°C for 12 h to obtain an NVO sample.

4 Fabrication of PPOP@Zn anode

5 Commercial zinc foil (thickness: 0.02 mm, Zn content ≥ 99.9%) was used as the substrate for 

6 fabricating the Zn anode. A homogeneous slurry was prepared by mixing 90 mg of the N/P-doped 

7 porous polymer (PPOP), 10 mg of polyvinylidene fluoride (PVDF) as a binder, and NMP (0.5 mL) 

8 as the dispersing solvent. The resulting slurry was uniformly cast onto the exposed surface of the zinc 

9 foil and subsequently dried in an vacuum oven at 70 °C for 24 h to obtain the PPOP@Zn anode.

10 Material characterizations

11 X-ray diffraction (XRD) patterns were recorded on a Rigaku Mini Flex 600 diffractometer using Cu 

12 Kα-radiation (0.15406 nm). Morphology images were collected on a field emission scanning electron 

13 microscope (FESEM, FEI Nova NanoSEM 230, 10 kV). Analysis of the chemical state of the 

14 elements in the samples by X-ray photoelectron spectroscopy (XPS) using the ESCALAB 250Xi 

15 model. Fourier transform infrared (FT-IR) was tested to discover the appearance of a new chemical 

16 bond in HAPCP and PPOP. Chemical structure analysis via Raman spectroscopy (Auspectrum 

17 Tiancheng ATR8800s). The contact angle between the electrolyte and the Zn electrode was measured 

18 by a contact angle measuring instrument (JC2000D1, Shanghai Power each Digital Technology 

19 Equipment Co, Ltd).

20 Electrochemical measurements

21 All electrochemical measurements were carried out under ambient conditions using CR2032 coin 

22 cells. The synthesized PPOP@Zn electrodes (Φ = 14 mm) were employed as the anodes, glass fiber 

23 membranes (GF/D, Whatman) were used as separators, and 2 M ZnSO4 aqueous solution (100 µL) 

24 served as the electrolyte to assemble symmetrical battery. For the full cells, the cathode slurry was 

25 prepared by mixing NVO powder, Super P, and PVDF at a mass ratio of 7:2:1 in NMP. The slurry 

26 was cast onto titanium foil using a doctor blade and dried in a vacuum oven at 60 °C for 24 h. All 

27 battery assembly is performed in an air-free environment. In the PPOP@Zn||NVO full battery, NVO 

28 was used as the cathode material, and 2.0 M ZnSO4 aqueous solution was employed as the electrolyte. 

29 A three-electrode system (PPOP@Zn working electrode, SCE reference, Pt counter) was used for 
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1 linear polarization measurements in 1 M Na2SO4; corrosion parameters were derived via Tafel 

2 extrapolation on a CHI760E electrochemical workstation (Chenhua, Shanghai), which was also 

3 employed for Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and linear 

4 sweep voltammetry (LSV) tests. Galvanostatic charge–discharge cycling tests were conducted at 

5 room temperature using a LAND battery testing system (CT2001A, China).

6 EIS are recorded from 293.15 K to 333.15 K with the Arrhenius equation (1) to calculate 𝐸𝑎.

7                                                                                                     (1) 
𝑅𝑐𝑡 = 𝐴 ∗ exp (𝐸𝑎

𝑅𝑇)
8 where 𝑅𝑐𝑡 is the interface resistance, A is the frequency factor, R is the gas constant, and T is the 

9 absolute temperature.

10 The Zn2+ transfer numbers are evaluated utilizing symmetric cells combined by EIS before and after 

11 the chronoamperometry (CA) test, and they are calculated by the following equation (2).

12                                                                                                (2)
𝑡

𝑧𝑛2 +
 

=
𝐼𝑠(Δ𝑉 ‒ 𝐼0𝑅0)
𝐼0(Δ𝑉 ‒ 𝐼𝑠𝑅𝑠)

13 where ∆V is the constant polarization voltage applied (20 mV), R0 and I0 are the initial resistance 

14 and current, and Rs and Is are the resistance and steady-state current, respectively.

15 The exchange current density related to the Zn electrodeposition process at various current densities 

16 can be calculated from equation (3).

17                                                                                                              (3)
𝑖 = 𝑖0

2𝐹
𝑅𝑇

𝜂

18 where 𝑖 is running current density, 𝑖0 represents the exchange current density, F and R are the 

19 Faraday constant and the gas constant, respectively, T is the absolute temperature, and η 

20 corresponds to the total overpotential.

21 The electric double-layer capacitance (EDLC) value was calculated by the equation as follows:

22                                                                                                                     (4)
𝑐 =

𝑖
𝑣

23 where C means the capacitance, 𝑖 corresponds to the current and was defined by half of the 

24 difference between positive and negative scanning current at each scanning rate.

25 Density functional theory (DFT) calculations

26 First-principles calculations based on density functional theory (DFT) were used to determine the key 
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1 thermodynamic parameters. All calculations were performed using the Vienna ab initio simulation 

2 package (VASP). The electron-ion interaction was described by the projector augmented wave 

3 (PAW) method, and the exchange-correlation functional was treated with the generalized gradient 

4 approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) parameterization scheme. The 

5 empirical dispersion correction using the DFT-D3 method of Grimme was employed to describe the 

6 van der Waals interactions accurately. A plane-wave energy cutoff of 520 eV was used. For structural 

7 optimization, the Brillouin zone was sampled with a Monkhorst–Pack 2×2×1 k-point mesh. The 

8 geometric structure was fully relaxed until the force on each atom was less than 0.03 eV Å-1 and the 

9 energy convergence criterion was set to 10-4 eV. Additionally, a 15 Å vacuum layer was applied along 

10 the direction perpendicular to the Zn substrate to mitigate interactions between periodic images. The 

11 climbing image nudged elastic band (CI-NEB) method was employed to locate the transition states 

12 along key reaction pathways. Four intermediate images were used, and the calculations converged 

13 when the residual forces on all atoms fell below 0.03 eV Å-1, thus ensuring the accurate identification 

14 of first-order saddle points. 

15 The binding energy (Eads) was calculated according to:

16
𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡𝑎𝑙 ‒ 𝐸

𝑍𝑛2 + ‒ 𝐸𝑃𝑃𝑂𝑃

17 where Etotal is the total energy of the adsorption system, EZn
2+, and EPPOP represent the energies of the 

18 Zn2+, and the PPOP layer structure, respectively.
19
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2 Figure S1. a) XRD patterns of PPOP powder. b ) Raman spectrum of PPOP.

3

4 Figure S2. a) SEM images of Zn foil coated with PPOP. b) TEM image of PPOP.

5
6 Figure S3. The simulated structure of PPOP with a) ion transport nanochannels b) 3D aperture 

7 distribution.
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1

2 Figure S4. SEM image of the Cross-sectional view of the PPOP layer.

3

4 Figure S5. EDS mapping of C, P, O, N and Zn element distribution of the PPOP.

5

6

7 Figure S6. SEM image of Bare Zn and PPOP@Zn after immersion in 2 M ZnSO4 electrolyte for 7 

8 days.
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2 Figure S7. XRD patterns of Bare Zn and PPOP@Zn anodes after 200 cycles at 2 mA cm-2.

3 Fig

4 ure S8. SEM image of PPOP@Zn and bare Zn anodes after deposition for 30 min, 1, 3, and 5 h at 1 

5 mA cm-2.

6

7

8 Figure S9. Electrostatic potential (ESP) distribution diagrams of a) PPOP b) Zn2+ at site 1 in PPOP 

9 molecules.
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1

2 Figure S10. Adsorption energy of Zn2+ at different positions in PPOP.
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4 Figure S11. EIS of a) Bare-Zn, b) PPOP@Zn symmetric batteries at different temperatures.
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6 Figure S12. Current-time curves of Zn symmetric cells assembled with a) bare-Zn and b) 

7 PPOP@Zn under constant voltage (10 mV) polarization. The insets are the impedance spectra 

8 before and after polarization, respectively.
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2 Figure S13. The corresponding a) C 1s and b) Zn 2p spectra of the ex-situ XPS analysis.

3

4 Figure S14. (a) Migration barrier of Zn2+ diffusion on the interlayer of Site 2 and Site 3 in PPOP. 

5 Zn2+ diffusion path in the interlayers of (b) Site 2 and (c) Site 3.
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7 Figure S15. The magnified voltage curves of PPOP@Zn symmetric battery at 2400 h in Figure a) 

8 and shows a small polarization voltage in Figure b)
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2 Figure S16. Electric double-layer capacitance (EDLC) measurements for a) bare Zn and b) 

3 PPOP@Zn. CV curves for Zn||Zn symmetric cells in a voltage range from -20 mV to 20 mV under 

4 various scanning rates.
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6 Figure S17. CV curves of Zn||Cu and PPOP@Zn||Cu asymmetric batteries.

7

8 Figure S18. SEM image of NVO powders.
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2 Figure S19. charge-discharge curves of PPOP@Zn||NVO and Zn||NVO full cells at 5 A g-1.

3
0.3 0.6 0.9 1.2 1.5

-1.2

-0.6

0.0

0.6

1.2

1.8

C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2

)

Voltage (V)

 0.1
 0.3
 0.5
 0.7
 0.9

unit: mv s-1

0.3 0.6 0.9 1.2 1.5
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2

)

Voltage (V)

 0.1
 0.3
 0.5
 0.7
 0.9

unit: mv s-1

4 Figure S20. CV curve of PPOP@Zn and bare Zn full batteries at different scan rate.
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6 Figure S21. Charge–discharge curves of Zn||NVO full batteries.
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1 Table S1. Comparison of the key Zn-anode performance metrics of PPOP@Zn with recent 

2 representative studies[1-9].

Strategy Current 
density

(mA cm-2)

Areal
capacity

(mAh cm-2)

Cycling 
life
(h)

CE
(%)

Ref.

PPOP@Zn 5 2.5 ＞1800 99.60 This work
Literature 1 0.5 0.5 1250 99.80 Ref.1
Literature 2 5 1 2000 99.31 Ref.2
Literature 3 1 0.498 870 99.96 Ref.3
Literature 4 25 1 ＞

34390
99.91 Ref.4

Literature 5 10 1 ＞800 97.8 Ref.5
Literature 6 20 20 ＞400 99.90 Ref.6
Literature 7 1 1 5500 99.50 Ref.7
Literature 8 0.5 0.25 1800 99.80 Ref.8
Literature 9 0.5 0.25 2200 99.70 Ref.9

3

4
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