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Experimental Section

Materials

All the chemicals were of analytical reagent grade and used as received without any further 

treatment. Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), N, N-dimethylformamide (DMF), 

methanol, and ethanol were purchased from Sinopharm Chemical Reagent Co, Ltd (China). 

1,3,5-benzenetricarboxylic acid (H3BTC) were obtained from Aladdin (Shanghai, China). N-

methyl pyrrolidone (>99.0%) were obtained from Macklin Reagent. The ultrapure water was 

prepared by using deionized water (DIW, 18.25 MΩ cm−1).

Synthesis of the Bi-MOF

The preparation method for Bi-MOF is slightly modified from previous reports.1 Initially, 0.3 

mmol of Bi(NO3)3·5H2O and 3.5 mmol of H3BTC were dissolved in a mixture of 12 mL 

methanol and 48 mL DMF under continuous stirring. This mixture was then transferred into a 

100 mL Teflon-lined autoclave and maintained at 120 °C for 24 hours. After naturally cooling 

to room temperature, the resulting precipitate (Bi-MOF) was collected by centrifugation at 8000 

rpm, washed three times with methanol, and dried in a vacuum oven at 80 °C overnight.

Synthesis of the Bi SAs

The Bi-MOF precursors (0.1g) and dicyandiamide (0.6 g) were loaded separately into two 

porcelain boats with dicyandiamide in the up side and subjected to heating at 1000 °C for 2 

hours under N2, employing a gradual temperature ramp rate of 5 °C min−1. 

Synthesis of the NC

The as-prepared Bi-MOF precursor was first annealed at 1000 °C in N2 atmosphere for 2 h. 

Then, the annealed product was mixed with a certain amount of dicyandiamide and annealed 

again at 1000 °C for 2 hours to obtain NC.
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Synthesis of Metallic Bi Particles

30 mg of Bi(NO3)3·5H2O was added into 20 mL of hydrazine hydrate (80%) and magnetically 

stirred at 80 °C for 4 h. The as-obtained material is metallic Bi particles.

Coating layers preparation

Commercial Zn foil (99.99% purity, 0.1 mm) and Ti foil (99.99% purity, 0.01 mm) were 

cleaned with ethanol before use. The coating materials and polyvinylidene fluoride (PVDF) 

binder were mixed in NMP solvent in a weight ratio of 8:2 to obtain a slurry. Coating layers 

were obtained by pouring of the as-obtained slurry onto Zn and Ti foils by means of a squeegee.

Synthesis of MnO2

In a typical synthesis rocedure,2 50 mL of K2S2O8 (0.1 M) was first mixed with 50 mL of 

MnSO4·5H2O (0.1 M). Next, 25 mL of NaOH (1.2 M) was added into the resulting solution and 

stirred for 1 h and then aged for another 1 h. The precipitate obtained was gathered, washed 

with water, and later freeze dried to obtain MnO2. 

Synthesis of NH4V4O10

Initially, NH4VO3 (1.170 g) was dissolved in 35 mL of deionized water at 80 °C until complete 

dissolution. Subsequently, a slow addition of H2C2O4·2H2O (1.891 g) yielded a dark blue-green 

solution. This solution was then transferred to a 50 mL autoclave and subjected to heating at 

140 °C for 48 hours. Afterward, the resulting material underwent washing with deionized water 

and ethanol, followed by vacuum drying at 80 °C for 12 h.3

Materials Characterization

The crystal structures were analyzed using high-power rotating target X-ray diffractometer 

(XRD, Smartlab). SEM images were acquired with a Zeiss Sigma 500 scanning electron 

microscope at an acceleration voltage of 5 kV. The inner morphologies were characterized by 

TEM and high-resolution TEM (JEM-2100F). HAADF-STEM images were performed with a 

JEOL JEM-2010 LaB6 operated at 200 kV. XPS data were collected using an ESCALAB250Xi 

spectrometer with an Al K𝛼 light source. XAFS measurement and data analysis: XAFS spectra 
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at the Bi L-edge was collected at BL14W1 station in Shanghai synchrotron radiation facility 

(SSRF). The Bi L-edge XANES data were recorded in a fluorescence mode. Bi foil and Bi2O3 

were used as reference. The elemental content of Bi was analyzed with ICP-OES (iCAP 7400). 

The SECM images were recorded on an electrochemical scanning microscope (Aptar 

Switzerland). The deposition behavior of Zn2+ on the Zn electrodes was monitored in real time 

using an YM710TR optical microscope. 

Electrochemical Measurements

CR2032 coin cells were assembled for electrochemical experiments by using Glass fiber filter 

(GF, Whatman) as the separator and 2 M ZnSO4 as electrolyte. Galvanostatic charge and 

discharge tests were executed using NEWARE CT4008TN battery testers. CV curves, 

chronoamperometry (CA), and EIS tests were performed on Biologic electrochemical 

workstation (MPG-2). LSV curves and Tafel plots were recorded on an electrochemical station 

(CHI660E, China). Zn//MnO2 full cells were assembled with 2 M ZnSO4 and 0.2 M MnSO4 as 

electrolytes.

The Zn2+ migration number (𝑡Zn2 + ) is calculated by Bruce-Vincent method:

tZn2 + =  
IS(∆V ― I0R0)
I0(∆V ― ISRS)

Where I0 and R0 is the initial current and resistance, respectively; Is and Rs is the steady-state 

current and resistance, respectively. ∆V is the applied voltage (25 mV).

The activation energy (Ea) is calculated according to the Arrhenius equation:

1
Rct

= A exp (
―Ea

RT )

Where Rct is the charge-transfer resistance, A is the pre-exponential factor, R is the gas constant, 

and T is the temperature. 

The exchange current density is calculated by the Butler-Volmer approximation equation:

𝑖 = 𝑖0
2𝐹
𝑅𝑇𝜂

Where i is the current density, i0 is the exchange current density, η is the overpotential, F is the 

Faraday constant, R is the gas constant, and T is the temperature, respectively.
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Ionic conductivity is calculated through the following equation:

𝛿 =  
𝐿

𝑆𝑅𝑏

Where L is the thickness of the coating, S is the contact area, and Rb is resistance according to 

the EIS measurements.

COMSOL Calculations

The physics modules "Tertiary Current Distribution" and "Nernst-Planck" in COMSOL 

Multiphysics 6.1 were employed for simulations using the Finite Element Method (FEM).4 

These simulations aimed to model the electric field distribution and Zn2+ flux during charging. 

The reaction kinetics of all electrodes were described using the Butler-Volmer expression, 

while the flux of each ion was calculated using the Nernst-Planck equation. Additionally, 

insulated boundaries were assumed for the vertical walls. For computational efficiency, only 

the cathode was considered as a deformable boundary, and refined grid settings were used to 

ensure accurate simulation. The simulation focused on the initial 10 seconds of the battery 

charging process.

DFT Calculations

All the DFT calculations were performed by Vienna Ab-initio Simulation Package (VASP).5-7 

The Perdew-Burke-Ernzerh (PBE) in the generalized gradient approximation (GGA) was 

applied to describe the exchange-correlation function.8, 9 Based on the plane wave method, the 

projector augmented-wave (PAW) method with an energy cutoff of 400 eV was implemented 

for the electron-ion interactions.10, 11 The van der Waals interaction was taken into account 

using DFT-D3 method with Becke-Jonson damping dispersion correction. All structures were 

fully relaxed until the electronic energy and force acting on atom were smaller than 10-4 eV and 

0.02 eV·Å-1, respectively. The Brillouin-zone sampling was conducted using Monkhorst-Pack 
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(MP) grids of special points with the separation of 0.04 Å-1. A Gaussian smearing of 0.05 eV 

was applied to speed up self-consistent field iteration. The optimized structures were illustrated 

with VESTA software.12

The chemical potential of Zn (μZn) was calculated through the following equation:

𝜇𝑍𝑛 = 
(𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ― 𝑁 ∗ 𝐸𝑍𝑛)

𝑁

Where 𝐸𝑡𝑜𝑡𝑎𝑙, 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒, and 𝐸𝑍𝑛 are the DFT calculated energies of the surfaces with deposited 

Zn atoms, a clean surface, and an atom in bulk Zn, respectively. N is the number of Zn atoms 

deposited on the surface.

Supplementary Figures

Figure S1. Structural models of (a) Zn, (b) Bi SAs. (c) Bi, and (d) NC. The gray, purple, cyan 

and dark brown balls represent Zn, Bi, N, and C elements, respectively.
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Figure S2. (a) One Zn atom deposited and (b) 14 Zn atoms deposited on bare Zn, Bi SAs, Bi, 

and NC. The gray, purple, cyan, dark brown, and dark gray balls represent Zn, Bi, N, C elements 

and deposited Zn. respectively.

Figure S3. (a) XRD pattern and (b) SEM image of Bi-MOF.
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Figure S4. (a) XRD pattern, (b) SEM image, (c) TEM image, and (d) SAED pattern of Bi SAs.

Figure S5. High-resolution (a) C 1s, (b) N 1s, and (c) Bi 4f XPS spectra of Bi SAs.
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Figure S6. (a) XRD pattern and (b) SEM image of NC.

Figure S7. (a) XRD pattern and (b) SEM image of metallic Bi particles.

Figure S8. The contact angles of (a) bare Zn and (b) Bi SAs@Zn.
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Figure S9. Zn2+ and SO4
2− permeability test of Bi SAs/NC-GF and GF (inset) membranes.

Figure S10. Top-view digital photos and SEM images of (a,b) Bi SAs@Zn and bare Zn anodes 

after immersion in 2 M ZnSO4 electrolyte for 3 days and the corresponding (c) XRD patterns.
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Figure S11. Operando EIS evolution of (a) bare Zn//bare Zn and (b) Bi SAs@Zn//Bi SAs@Zn 

symmetric cells. The EIS measurements were performed after Zn rested for 5 min. The total Zn 

deposition time is 50 min.

Figure S12. (a) Cross-section SEM image of Bi SAs layer. EIS plots of (b) Bare Ti//Bare Ti 

and (c) Bi SAs@Ti//Bi SAs@Ti symmetrical cells. The inset is the enlargement of the data in 
the range of 0~5 Ω.
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Figure S13. EIS plots of (a) Bi SAs@Zn, (b) NC@Zn, (c) Bi@Zn, and (d) bare Zn symmetric 

cells at different temperatures. 

Figure S14. (a) Comparison of voltage profiles and (b) CE profiles of the asymmetric bare 

Zn//Ti and Bi SAs@Zn//Ti cells at the various current density ranging from 1 to 10 mA cm−2.
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Figure S15. CE of the asymmetric bare Zn//Ti and Bi SAs@Zn//Ti cells at 10 mA cm−2/1 mAh 

cm−2.

Figure S16. The cross-sectional SEM images of Bi SAs layers with different thickness: (a) Bi 

SAs@Zn-1, (b) Bi SAs@Zn, and (c) Bi SAs@Zn-2. 

Figure S17. Discharge and charge voltage profiles of Bi SAs@Zn-1, Bi SAs@Zn and Bi 

SAs@Zn-2 symmetric cells at 5 mA cm-2/1 mAh cm-2.
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Figure S18. Cyclic performance of the symmetric cells with bare Zn and Bi SAs@Zn at 5 mA 

cm−2 and 10 mAh cm−2 with 85.47% of DOD (Thickness of Zn: 20 µm).

Figure S19. (a) GITT curves of bare Zn and Bi SAs@Zn. (b,c) The partial enlargement of GITT 

curves for (b) Bi SAs@Zn and (c) bare Zn. 

Figure S20.  DRT curves of (a) Bi SAs@Zn//Bi SAs@Zn and (b) Bare Zn//Bare Zn during Zn 

deposition at 1 mA cm-2 for 3 min and rested for 3 min. (c) The comparation of relaxation time 

(τ) changes of diverse interfacial process.
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Figure S21. SECM images of (a) bare Zn surface and (b) Bi SAs@Zn anode before Zn 

deposition.

Figure S22. HRTEM images of the Bi SAs surface after zinc deposition for 600 s at 5 mA 

cm-2.
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Figure S23. SEM images of (a) bare Zn and (b) Bi SAs@Zn after zinc plating at 5 mAh cm-2.

Figure S24. Top view SEM images of (a-c) bare Zn and (d-f) Bi SAs@Zn anodes after 

different cycles at 5 mA cm-2 and 1 mAh cm-2.
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Figure S25. XRD patterns of bare Zn and Bi SAs@Zn anodes after different cycles at 5 mA 

cm-2 and 1 mAh cm-2.

Figure S26. COMSOL simulations of Zn2+ flux for (a) bare Zn and (b) Bi SAs@Zn.
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Figure S27. (a) XRD pattern and (b) SEM image of MnO2.

Figure S28. (a) XRD pattern and (b) SEM image of NH4V4O10.
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Figure S29. (a) CV curves, (b) EIS plots before cycling, (e) Rate performance, and (f) Cycling 

performance of Zn/NVO and Bi SAs@Zn//NVO full cells at 5 A g−1. Self-discharging voltage–

time curves of (c) Zn/NVO and (d) Bi SAs@Zn//NVO full cells.
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Table S1. FT-EXAFS fitting parameters at the Bi L3-edge. (S0
2=0.82)

Sample Scattering
pair CN R (Å) σ2

 
(10-3 Å2) ΔE0 

(eV) R factor

Bi SAs Bi-N 3.8 2.01 5.2 1.5 0.02

CN, the coordination numbers; R, distance between absorber and backscatter atoms; σ2, Debye-
Waller factor; ΔE0 is edge-energy shift; R factor is used to evaluate the degree of fitting. This 

value was fixed during EXAFS fitting. Error bounds that characterize the structural parameters 

obtained by EXAFS spectroscopy were estimated as N ± 20%; R ± 1%; σ2 ± 20%; ΔE0 ± 20%. 

Table S2. Performance comparison of recently reported symmetric cell with modified zinc 

anode.

Anode Electrolyte Current 

density 

(mA cm−2)

 Capacity

(mAh cm−2)

Cumulative 

Capacity 

(mAh cm−2)

Cycle 

life (h)

Refs.

Bi SAs@Zn 2 M ZnSO4 5 1 10500 4200

Bi SAs@Zn 2 M ZnSO4 20 5 6000 600

This 

work

SA-Zn/CN@Zn 2 M ZnSO4 1 1 1650 3300 13

Sn NC@Zn 2 M ZnSO4 1 1 500 1000 14

ND@Zn 2 M ZnSO4 1 0.5 2010 4020 15

ZnO/C-Zn 2 M ZnSO4 5 1 1700 680 16

g-C3N4@Zn 2 M ZnSO4 1 0.5 500 1000 17

CN-Zn 2 M ZnSO4 1 1 650 1300 18

CCF-K@Zn 1 M Zn(OTf)2 1 1 2500 5000 19

G@Zn 2 M ZnSO4 0.1 0.1 10 200 20

NGO@Zn 2 M ZnSO4 1 1 600 1200 21

C-750@Zn 2 M ZnSO4 5 5 1000 400 22

Ti-Zn 2 M ZnSO4 2 2 2200 1100 23

ZnTe@Zn 2 M ZnSO4 1 0.5 1650 3300 24

Bi@Zn 2 M ZnSO4 2 1 1700 1700 25

PSN-Zn 2 M ZnSO4 1 1 400 800 26

ZrO2@Zn 2 M ZnSO4 1 1 3000 6000 27

Bi/Bi2O3@Zn 2 M ZnSO4 1 1 1500 3000 28
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Table S3 Comparison of typical parameters for our work with recently reported Zn-based full 

cells.

Anode Cathode Electrolyte Final capacity

(mAh g-1)

Capacity 

retention 

(%)

Current 

density

(mAh g-1)

Refere

nces

Bi SAs@Zn MnO2 2 M ZnSO4 + 

0.2 M MnSO4

150.95 95.58% 

after 1000 

cycles

1000 This 

work

FCOF@Zn MnO2 2 M ZnSO4 + 0.2 

M MnSO4

130 92% after 

1000 cycles

1000 29

SA@Zn V2O5 3 M ZnSO4 150 92% after 

2700 cycles

1000 30

ZIF/Zn MnO2 3 M ZnSO4 119.6 80.3% after 

300 cycles

1000 31

ZWO@Zn V6O13 2 M ZnSO4 204 80% after 

1000 cycles

1000 32

Zn@PANI MnO2 2 M ZnSO4 + 0.1 

M MnSO4

134 94.3% after 

1000 cycles

1000 33

NFZP@Zn MnO2 1 M ZnSO4 + 0.1 

M MnSO4

90.0 72.8% after 

500 cycles

800 34

ZnSe@Zn MnO2 2 M ZnSO4 + 0.1 

M MnSO4

100.0 36.0% after 

1800 cycles

600 35
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