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Sample synthesis:

Preparation of Cathodes and Electrolytes: All raw materials were obtained
commercially and utilized directly.

The preparation of 2,4,6-tri(pyridin-4-yl)pyridine (tpy)!": 1-(pyridine-4-yl) ethane
(6.0 g, 50 mmol) and isonicotinaldehyde (2.7 g, 25 mmol) were added to the ethanol
(200 mL) solution of potassium hydroxide (3.1 g, 55 mmol) and 36% ammonium
hydroxide (100 mL) were successively added to the above solution. The solution was
stirred at room temperature for 24 hours. The mixture was centrifuged and washed with
water and ethanol. The obtained solid was dried in a vacuum at 100 °C for 12 hours to
obtain a gray-white product (5.6 g, yield ~ 70%). 'H Nuclear magnetic resonance
spectra (400 MHz, CDCl3): & 8.88-8.79 (m, 6H), 8.15-8.01 (m, 6H), 7.71-7.62 (m,
2H).

Synthesis of V-NH>-MIL88B: the mixture of vanadium trichloride (IIT) (VCls, 1.57g,
10.0 mmol) and 2-aminoterephthalic acid (1.81 g, 10.0 mmol) were dissolved in
anhydrous ethanol (50 mL) and sonicated for 30 minutes. Subsequently, 10 mL
hydrochloric acid aqueous solution (2 M) is added to the solution dropwise under
stirring. The obtained solution was sonicated for 15 minutes, then moved to a 100 mL
autoclave and heated at 120 °C for 48 hours. After that, the green solid was collected
by centrifugation and washed with anhydrous ethanol until the supernatant was
colorless. The obtained solid was dried in a vacuum at 120 °C for 12 hours, and a green
product (1.3 g, yield ~ 75%) was obtained. Anal. Calc. for [ V3(x3-O)(bdc-NH2)3(H20)3]:

C, 38.37; H, 1.61; N, 5.59. Found: C, 38.51; H, 1.71; N, 5.43.



Synthesis of capsular MOF: the mixture of V-NH>-MIL88B (200 mg) and 2,4,6-
tri(pyridin-4-yl)pyridine (tpy, 100 mg) with 10 mL DMF was added to a 25 mL
autoclave, which was sealed and heated at 190 °C for 12 hours. After cooling, the solid
was centrifuged and washed with DMF and methanol until the supernatant was
colorless. The light green solid powder was isolated by filtration. After vacuum drying
of the sample at 100 °C for 4 hours, the capsular MOF as a green powder (200 mg) was
obtained. Anal. Calc. for [V3(u3-O)(bdc-NH»)s(tpy)] : C, 52.41; H, 2.00; N, 9.73. Found:
C,52.51; H, 1.71; N, 9.43.

Preparation of VxO3@CN: 500 mg capsular MOF was calcined in Ar atmosphere at
700 °C for 2 hours to obtain ViO3@CN (250 mg). For comparison, the capsular MOF
was calcined in Ar atmosphere at 600 °C and 800 °C for 2 hours, and the products were
named C-MOF-600 and C-MOF-800, respectively.

Preparation of cathode and assembly of battery: ViO3@CN, C-MOF-600, and C-
MOF-800 were used as cathodes, respectively. Slurries were prepared by mixing
cathodes, Ketjen black and polyvinylidene fluoride (PVDF) with a weight ratio of 8:1:1
in N-methyl-2-pyrrolidone (NMP). The paste was coated on the Ti foil current collector
and dried in a vacuum at 80 °C for 12 hours. Then the slices were cut to assemble the
CR2032 coin batteries. CR2032 batteries were assembled in air, using zinc foil as
counter electrode, fiberglass filter paper as separator, and 3M zinc trifluoromethane
sulfonate Zn(CF3SOs)2 aqueous solution as electrolyte.

Preparation of electrolyte: 3 M electrolyte was prepared by dissolving Zn(CF3SOz3),

(10.91 g) in H20 (10 mL).



Characterizations:

Material test: the PXRD patterns were collected on a Rigaku Smartlab SE powder
X-ray diffractometer equipped with Cu-Ka source (A = 1.546 A). N
adsorption/desorption isotherms were measured at 77 K with an automatic volumetric
adsorption equipment (Micromeritics ASAP 2020 Plus HD88) after dehydration of the
samples at 100 °C under vacuum for 12 h. Elemental analysis was performed using a
Vario EL cube CHN analyzer. TGA curves were measured on a METTER TOLEDO
TGA 2 analyzer. FESEM images and EDS mapping were performed using HITACHI
S5000 and JEOL JSMIT100 microscopes at an accelerating voltage of 20 kV. The
Raman spectra were measured by a Renishawin Via Raman microscope spectrometer.
TEM images were taken with a JEOL JEM-2299 FS. The measurement of XPS was
carried out on a KRATOS ULTRA? instrument.

Electrochemical Measurements: All the electrochemical properties of the battery
were evaluated using CR2032 coin cell with Zn foil anode, VxO3@CN cathode, glass
fiber separator, and 3 M Zn(CF3SOz3), electrolyte. Electrochemical tests were
performed in the potential range of 0.3—1.6 V using LAND CT2001A charge-discharge
units at 25 °C. EIS tests were carried out on a CHI660D electrochemical workstation
with a frequency range of 100 kHz to 1Hz. A CHI660D electrochemical workstation
was used to perform cyclic voltammetry (CV) analysis. The relationship between the
current (7) and scan rate (v) in the cyclic voltammograms (CV) follows the following

empirical formula.

i=ay’ (1)



where a and b are adjustable parameters. This formula can also be expressed as:

log (i)=blog (v)+1log(a) (2)

The b value represents the slope of log(i) versus log(v) plot. In general, when the b
value is 0.5, it belongs to the diffusion control process; when the b value is equal to 1,
it belongs to the surface adsorption (such as capacitance or pseudo-capacitance
behavior) control process.!

Quasi-thermodynamic equilibrium potential profiles of the cell were acquired from
the galvanostatic intermittent titration technique (GITT) conducted at a 0.05 A g ! for
10 min followed by 30-min open circuit voltage. Diffusion coefficients of ions (Dairr)
were calculated from the GITT data according to the following equation by assuming
the active material consists of spherical particles with a radius Rs:*!

4 R, 2 4E,*
Dgirr==— (%) ( ) (3)
3 AE;

T

where 1 represents the time duration of the current pulse, 4Es is the change in the steady-
state voltage at the end of two sequential open circuit relaxation periods, 4E is the total

change in the cell voltage.



Computational Details:

The calculations were carried out using density functional theory with the PBE form
of generalized gradient approximation functional (GGA).[*! The Vienna ab-initio
simulation package (VASP)® was employed. For V, the Hubbard U correction is
considered for 3d orbital with an effective U value of 1.7 eV." The plane wave energy
cutoff was set as 400 eV. The Fermi scheme was employed for electron occupancy with
an energy smearing of 0.1 eV. The first Brillouin zone was sampled in the
Monkhorst—Pack grid.'” The 3x3x1 k-point mesh for the surface calculation. The
energy (converged to 1.0 x10 eV/atom) and force (converged to 0.01 eV/A) were set
as the convergence criterion for geometry optimization. The spin polarization was
considered in all calculations. k-point sampling: 4 x 4 x 1 Monkhorst-Pack grid; Energy
convergence criterion: <1x10- eV/atom; Force convergence threshold: <0.01 eV/A.

The transition state (TS) structures and the reaction pathways were located using the
climbing image nudged elastic band (CI-NEB) method.""!! The minimum energy
pathway was optimized using the force-based conjugate-gradient method until the

maximum force was less than 0.03 eV/A.



Figure S1. SEM images of V-NH>-MIL88B.
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Figure S2. FT-IR spectra of tpy, V-NH>-MIL88B and capsular MOF.



Figure S3. SEM images of capsular MOF.
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Figure S4. TEM image and the EDS mapping images of capsular MOF.
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Figure S5. TGA curve of capsular MOF.
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Figure S6. Predicted structural transformation mechanism and simulated cell
parameters through DFT calculation. The dark gray, blue, red, white balls in represent
C, N, O and V elements, respectively.
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Figure S7. Time-dependent PXRD patterns of the intermediates for the synthesis of
capsular MOF.
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Figure S8. Time-dependent SEM images of intermediates in the synthetic process of
capsular MOF.
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Figure S9. PXRD pattern of C-MOF-600.
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Figure S10. PXRD pattern of C-MOF-800.
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Figure S11. Raman spectrum of V,O3@CN.
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Figure S12. SEM images of VO3@CN.
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Figure S13. XPS of VxO3@CN. a) XPS survey of VxO3@CN, b) V 2p,c) C 1s,d) O
Is and e) N 1s of VxO3@CN.
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Figure S14. PXRD patterns of ViO3@CN and ViO3@CN after soaking into 3M
Zn(CF3S03); electrolyte for seven days (VxO3@CN-E).
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Figure S15. Contact angle images of a) V203 and b) VO3@CN.
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Figure S16. Cyclability of C-MOF-600 and C-MOF-800 electrode at 0.5 A g'.
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Figure S17. Calculated spin polarized projected total density of states (DOS) plots of
a) V203, b) V203-Zn, ¢) V4 and d) V4 -Zn. (V4 = defective V,03)
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Figure S18. Charge density difference of a) V203-Zn and b) defective V203-Zn. The
gray, red and gold balls in represent V, O and Zn elements, respectively.
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Figure S19. Raman spectra of VxO3@CN electrode at fullly charged and discharged
states.
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Figure S20. Post-cycle PXRD of VxO3@CN electrode.
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Table S1 Vanadium-based cathode for rechargeable aqueous zinc battery

. Cycling
Ef:tl:r)iel Electrolyte Vo(l\t]a)ge (Eér/)?;;[)y performance Ref.
(C/CD/CN)
3iM This
ViO3@CN Zn(CF3SO05) 0.3-1.6 365/0.5 210/2/5000 work
2M
V203@C NFs Zn(CF3SOs) 0.2-1.4 220/0.05 65/2/1000 [12]
V20 3M 0.2-1.6 383/0.4 225/3.2/800 [13]
23 Zn(CF3S03), o ' .
V203@SWCNH 2 M ZnSO4+
S@IGO 2 M NasSO, 0.2-1.6 422/0.2 283/5/1000 [14]
2M
V203 Zn(CF;805)» 0.2-1.6 625/0.1 543/10/1000 [15]
3iM
3-1. A 1 4 1
V203@C Zn(CF3SO05) 0.3-1.5 350/0 70/5/4000 [16]
V>0 3M 0.2-1.6 434/0.5 218/2/1000 [17]
2 Zn(CF3S03), - .
V>0 3M 0.1-1.3 196/0.1 100/5/30000 [18]
23 Zn(CF3S03), o '
V-MOF derived M
porous V205 Zn(CF3SO5) 0.3-1.5 240/0.1 120/2/2000 [19]
nanoplates
PEDOT- A M
NH4V30s Zn(CF:S05) 0.4-1.6 357/0.05 164/10/5000 [20]
PEDOT-NVO W
1M
Nai.1V307.9/rGO Zn(CF3SO5) 0.76 238/0.05 140/1/1000 [21]
Al V,05-DMF M 0.2-1.8 407/0.1 240/5/2000 [22]
x V2U5 ZH(CF3SO3)2 . . .
VOrxHLO )\ 7ns0s 02-16 337002 159/10/1000  [23]
Nanosheets

C: capacity (mAh g!), CD: current density (A g!), CN: cycle number
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Table S2 Defect-engineered cathode materials for rechargeable aqueous zinc battery

. Cycling
g;:giiel Electrolyte Vo(l\t/a)ge C(:?:I;é(g)y performance  Ref.
(C/CD/CN)
3M This
VxO3@CN Zn(CF;S05), 0.3-1.6 365/0.5 210/2/5000 work
Nao.76V6O15/PE 3M
DOT Zn(CF;S05), 0.3-1.5 355/0.05 244/10/1500 [24]
3M
0-d-VOr-rG Zn(CF3S0s)s 0.2-1.4 376/0.1 116/20/5000 [25]
V6O SM 0.2-1.5 410/0.2 283/5/1000 [26]
o1 Zn(CF3S03)2 B '
VO, * xH:0 2M ZnSO4  0.2-1.6 337/0.2 159/10/1000 [27]
NH4V40 SM 0.3-1.7 435/0.2 244/10/1500 [28]
PRI Zn(CFsS0s), T '
PEDOT- 3M
NHV:Os Zn(CF;S05), 0.4-1.6  356.8/0.05 163.6/10/1000 [29]
V6-V20s- 3M
PEDOT Zn(CF3S03) 0.3-1.6 449/0.2 318/10/6000 [30]
3M
B -MnO> ZnSO4+0.1  0.8-1.8 302/0.05 200/0.5/300 [31]
M MnSO4
25M 0.95-
Alo3sMn25204  ZnSO4+0.2 1' 35 302/0.1 147/1.5/1000  [32]
M MnSO4 '
CaVvVoO 2M ZnSO4  0.9-1.85 310/0.5 310/0.5/3000  [33]
2.0M
MnCo,04 ZnS04+0.5  0.8-1.8 660/0.05 70/0.2/800 [34]
M MnSO4

C: capacity (mAh g!), CD: current density (A g!), CN: cycle number
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