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1 Experimental section

2 Materials:

3 Ytterbium (III) chloride hexahydrate (YbCl3·6H2O, 99.99%), yttrium (III) chloride 

4 hexahydrate (YCl3·6H2O, 99.99%), indium chloride hydrate (InCl3·6H2O, 99.99%), 

5 thulium chloride hexahydrate (TmCl3·6H2O, 99.99%), and Zn foils (99.99%) were 

6 obtained from Energy Chemical. Zirconium (Ⅳ) chloride (ZrCl4, 99.5%) was bought 

7 from Strem Chemicals, Inc. Zinc sulfate was purchased from Sigma-Aldrich. All 

8 reagents were used directly without further purification. Deionized (DI) water was 

9 thoroughly used during the experiment.

10 Preparation of CNFs/HEO:

11 Equivalent stoichiometric amounts of YbCl3·6H2O, YCl3·6H2O, InCl3·6H2O, 

12 TmCl3·6H2O, and ZrCl4 were dissolved in 7 mL DMF in turn. Subsequently, 500 mg 

13 PAN was added, and the mixture was stirred at 50°C for 10 h to make sure the complete 

14 dissolution of each component. Electrospinning was conducted by TEADFS-100 

15 (Beijing Technova Technology Co., Ltd.). The flow rate of the spinning solution was 

16 0.013 mL/min and collected by aluminum foil fixed on a grounded steel drum. The as-

17 prepared fibers were placed in an oven at 80 °C for 12 h until DMF was completely 

18 removed. The fibers were first stabilized at 220°C for 2 h and then heated to 900°C for 

19 2 h with a heating rate of 2°C/min in an Ar atmosphere. The as-prepared material was 

20 named as CNFs/HEO.

21 Preparation of CNFs/Yb2O3:

22 1.5 mmol YbCl3·6H2O was added to 7 mL DMF with continuous stirring. After 
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1 complete dissolution, 500 mg PAN was added. The mixed solution was stirred at 50°C 

2 for 10 h. The electrospinning procedure and parameter were identical to the 

3 CNFs/HEO.

4 Synthesis of the cathode and battery Assembly:

5 Firstly, activated carbon were mixed and ground in a mortar with iodine in a mass 

6 ratio of 1:1.2. Then, the mixture was transferred into a glass tube and thermally sealed. 

7 After heating at 120 °C for 6 h, the powder was collected and ground in a mortar with 

8 acetylene black, CMC, and SBR in a mass ratio of 7:2:0.5:0.5. Then, the mixture was 

9 applied to the carbon cloth. The cathode was dried in a vacuum oven at 30 °C for 6 h. 

10 The active material (I2) loading of the individual electrode was about 1.0-1.2 mg cm-2. 

11 CNFs/Yb2O3 and CNFs/HEO were used as the cathode-modified interface and 

12 assembled between the cathode and the separator. 120 μL of 2 M ZnSO4 was selected 

13 as an electrolyte. 

14 Electrochemical measurements: 

15 The electrochemical impedance spectroscopy (EIS) was collected over the frequency 

16 range from 100 kHz to 0.1 Hz. Cyclic voltammetry (CV) was tested on the CHI760E 

17 electrochemical workstation with a voltage range between 0.6 and 1.6 V at a scan rate 

18 of 0.5 mV s-1. The discharge-charge cycling of Zn-I2 was measured on the Neware 

19 battery test system (CT-ZWJ-4'S-T-1U, Shenzhen, China) and LAND battery test 

20 instrument (CT2001A, LAND, China) within a voltage range of 0.6-1.6 V. 

21 Materials characterization: 

22 X-ray powder diffraction (XRD) analysis was obtained on a D8 Focus diffractometer 
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1 (Bruker) with Cu-Ka radiation (λ=0.15405 nm) from Rigaku Corporation in Japan. 

2 High-resolution transmission electron microscope (HR-TEM) characterizations were 

3 taken by JEOLJEM-2100F transmission electron microscope at 200 kV accelerating 

4 voltage. Scanning electron microscopy (SEM) images were measured by HITACHI 

5 SU8010 field-emission scanning electron microscope (FEI Co.) with an energy-

6 dispersive X-ray spectrum (EDS) from the Hitachi Limited in Japan. Raman spectrum 

7 was recorded at room temperature with a JY HR-800 LabRam confocal Raman 

8 microscope in a backscattering configuration with an excitation wavelength of 488 nm. 

9 X-ray photoelectron spectrum (XPS) was tested on an ECSALAB 250 using non-

10 monochromatized Al-Kα radiation. An atom force microscope (AFM) was performed 

11 on Asylum Research Cypher ES. 

12 DFT calculations: 

13 First-principles calculations are performed in the framework of Density Functional 

14 Theory (DFT), which is implemented in the Vienna Ab initio simulation package 

15 (VASP)1,2. The projector augmented wave (PAW)3 potential was used with a plane-

16 wave cutoff energy of 500 eV. Conjugate gradient method was used for geometric 

17 optimization, with the convergence threshold set at 10−6 eV per atom in energy and 0.01 

18 eV·Å−1 in force. A vacuum distance of >15 Å was employed to avoid interactions of 

19 neighboring images. The DFT-D3 method including vdW is used to deal with the inter-

20 layer van der Waals forces4. Considering the strong correlation of transition metals, the 

21 density of states (DOS) was calculated by the GGA+U method5. 

22



5

1

2 Fig. S1 SEM images and corresponding mapping analysis of CNFs/HEO.

3

4 Fig. S2 Cross-section SEM image of CNFs/HEO.

5

6 Fig. S3 Crystal structure of HEO.

7
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1

2 Fig. S4 Raman spectra of CNFs/Yb2O3 and CNFs/HEO.

3

4

5 Fig. S5 XPS spectra of (a) Yb, Zr, and Tm, (b) Y, and (c) In in CNFs/HEO.

6
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1

2 Fig. S6 (a) CV curves at different scan rates, (b) Log (i) -log (v) plots for specific peak 

3 current, (c) Capacitive contribution at 1.5 mV s−1, and (d) Capacitive and diffusion 

4 contribution versus scan rate curve of CNFs/Yb2O3.

5 Generally speaking, the peak current (i) and scan rate (v) maintain a functional 

6 relationship as follows:

7 i = avb                                                             (1)

8 where a and b represent arbitrary coefficients6,7. When the b value is close to 0.5, the 

9 electrochemical kinetics is denoted by the diffusion process caused by zinc ion (de)-

10 intercalation. When b is closer to 1.0, it demonstrates that a surface redox reaction 

11 dominates the capacitive behavior. While the value of b is between 0.5 and 1.0, it means 

12 the electrochemical kinetics is determined by both the diffusion process of Zn2+ and the 

13 capacitive behavior. Additionally, according to
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1 i = k1v + k2v1/2                                                                                  (2)

2 the specific contributions of the capacitive behavior (k1v) and the diffusion-controlled 

3 insertion (k2v1/2) at different scan rates were calculated8,9.

4

5

6 Fig. S7 Arrhenius activation energy (Ea) of (a) CNFs/HEO and (b) CNFs/Yb2O3 

7 batteries.

8 Ea of the I2 reduction process can be calculated according to the following Arrhenius 

9 equation: 

10 1/Rct = Aexp(-Ea /RT) 

11 Where Rct, A, R, and T represent the charge-transfer resistance, frequency factor, gas 

12 constant, and absolute temperature, respectively. EIS profiles of the four electrodes at 

13 different temperatures from 5 to 60 ºC were tested.
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1

2 Fig. S8 Arrhenius activation energy (Ea) of unmodified Zn-I2 batteries.

3

4

5 Fig. S9 Potentiostatic deposition curves of I2 on the cathode with CNFs/Yb2O3 (The 

6 inset reflects the surface state after iodine deposition).

7

8

9 Fig. S10 AFM image of the cathode with CNFs/Yb2O3 modified layer after depositing 

10 I2.
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1

2

3 Fig. S11 XRD pattern of CNFs/HEO after cycling 1000 cycles.
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1

2 Fig. S12 SEM images of (a) OMMC NSs and (b) OMMC-I2 NSs.

3

4

5 Fig. S13 SEM images of the zinc anodes after cycling in the (a) CNFs/Yb2O3 and (b) 

6 CNFs/HEO batteries.

7

8

9 Fig. S14 SEM images and corresponding mapping analysis of the zinc anodes after 

10 cycling in the (a) CNFs/Yb2O3 and (b) CNFs/HEO batteries.

11
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1

2 Fig. S15 SEM image of CNFs/HEO after cycling.

3

4 Table S1. The refined crystallographic data of HEO obtained from XRD Rietveld 

5 refinements.

Sample a (=b=c)/Å Volume/Å3

HEO 10.41 1128.11

6

7

8 Table S2. Comparison of main parameters and cycling property for this work with 

9 previous works.

Electrode

Current 

density

(A g-1)

Cycling life 

(h)

Capacity 

retention 

(%)

Ref

eIM 6 23000 80 10

NHPC 5 10000 90.6 11
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PNC-1000 1 10000 89 12

I2@GP-CMT 4 1000 88.8 13

NPCNFs-800 2 6000 99.4 14

Co[Co1/4Fe3/4(CN)6]/I2 4 2000 80.2 15

I2/OSTC 1 10000 85.0 16

CNFs/HEO 10 30000 62.5
This 
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