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Figure S1. (a) XRD patterns and (b-d) SEM images of the products obtained at
different temperatures with the heating rate of 2 °C min-!' and the reaction time of 2 h.
Of note, consistent with the following SEM analysis results under the argon
atmosphere, in the hydrogen/argon mixed atmosphere, when the reaction temperature

is not higher than 350 °C, the spherical morphology of the precursor VS, can be well

maintained.
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Figure S2. (a) XRD patterns and (b) SEM image of the product obtained at 350 °C

for 2 h with the air atmosphere.
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Figure S3. XRD patterns of the products obtained at different temperatures with the

heating rate of 5 °C min! with the argon atmosphere.
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Figure S4. High-resolution S2p (a) and Ols (b) XPS spectra of the precursor VS,
(c)The Ols XPS spectrum of the complete product V,0;,



Figure S5. The TEM and the corresponding EDS images of the VS,/V,0;

heterostructure



Figure S6. SEM image of the complete conversion product V,0; with the reaction

temperature at 400 °C.



Figure S7. (a) The SEM and the corresponding EDS images of the precursor VS,
(b)The SEM and the corresponding EDS images of the complete product V,0s5,
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Figure S8. The (a-c) GCD and (d-f) rate performance curves of the VS4/V,0;
heterostructure, the precursor VS, and the complete product V,0; with the large
voltage range.

A long charging platform will appear at about 1.3 V for the VS4/V,0;
heterostructures, which is similar with the precursor VS, and complete product V,0s.
The above phenomena correspond to the conversion reaction zinc ion storage
mechanism of VS, and V,0s; in the large voltage ranges, and the conversion products
are Zn3(OH),V,07:2H,0 and V,0s, respectively, which have been proved in previous
reports.!> 2 Therefore, in order to prevent the conversion reaction from destroying the
structural characteristics of VS,;/V,0; heterostructures, we chose the small (limited)

voltage range for zinc ion storage.
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Figure S9. (a-c) Rate performances of the VS4/V,0;5 heterostructure, the precursor
VS,, and the complete product V,0s, respectively with the electrolyte/active material

ratio of 80 uL mg-'.
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Figure S10. Cycling stability performances of the VS4/V,0; heterostructure, the
precursor VS,, and the complete product V,0; with the electrolyte/active material

ratio of 80 uL mg-'.
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Figure S11. (a-c) The CV curves of the VS,/V,0; heterostructure, the precursor VS,,
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and the complete product V,0;, respectively.
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Figure S12. CV curves at different scan rates of the VS,/V,0; heterostructure.



(a)3n (b) (c) 1600

1600
Rl CPE1 - Rl CPE1 R1 CPE1
R2 w1 . R2 w1 1200 R2 w1
200 . 1200
o o a
¥ Z Z 800
N N 800 R .
. .
100 " o . . o
VS/V,0 . s, .
" =VS/V,0, W00 et . vs, 400 o Vo,
0 0 0
0 100 200 300 0 400 800 1200 1600 0 400 800 1200 1600

/0 z/a /0
Figure S13. Electrochemical impedance spectra of (a) the VS,/V,0; heterostructure,
(b) the precursor VS,, and (c) the complete product V,05. Inset: the equivalent circuit
(R;: solution resistance; R;: charge-transfer resistance; CPE1: constant-phase element;
W1: Warburg diffusion process). The charge-transfer resistances of the VS,/V,0;
heterostructure, the precursor VS, and the complete product V,05 are 65, 266, and

376 Q, respectively.
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Figure S14. The cycling stability of VS4/V,05 heterostructures at current densities of

0.1 and 1 A g with different electrolyte/active material ratios.

The battery capacity attenuation weakened as the electrolyte/active material ratio

decreases to 60 and 40 uL mg!, but too little electrolyte of 20 uL mg! leads to the

significant decrease of zinc storage capacity. Considering the conventional zinc-ion

battery electrolytes contain a large amount of free water resulting in the issues of

vanadium dissolution and limited voltage range, the zinc storage merit of VS,/V,0;

heterostructures cannot be fully exploited for the currently applied voltage range and

electrolyte system.
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Figure S15. The cycling stability of VS4/V,05 heterostructures at current densities of
5and 10 A g

There are many new-type electrolytes such as the highly concentrated® and all
solid-state electrolytes* with the limited free water and the large stable voltage range.
Applying the new-type electrolytes, the vanadium dissolution and conversion reaction
of VS4/V,0; heterostructures should be effectively suppressed. Meanwhile, in order
to further improve the battery performance of VS,/V,0; heterostructures, the modify
approaches such as carbon framework and vacancy pre-introduction are also the valid
strategies.> ¢

Therefore, given that the heterostructure has abundant interfaces and grain
boundaries, we believe that the structural advantages of VS,/V,0j3 heterostructures for
the high-performance zinc storage can be achieve via applying the new-type

electrolyte and the modify strategy in our follow-up research.
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Figure S16. Rate performances of VS,/V,0; heterostructures with different

electrolyte/active material ratios. The improved rate performance was achieved via

applying the electrolyte/active material ratio of 60 uL mg! comparable with the initial

80 uL mg'. At the current densities of 1, 2, 5 and 10 A g, the improved zinc storage

capacities can reach 148, 110, 74 and 48 mAh g, respectively. We believe that the

enough rate performance can be achieved via applying the optimal new-type

electrolyte and the modify strategy via solving the high-potential conversion and

vanadium dissolution challenges in our follow-up research.
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Figure S17. The improved voltage-capacity curves of the VS4/V,0; heterostructure at

different current densities with the electrolyte/active material ratio of 60 uL. mg-!.
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Figure S18. XRD patterns of the VS4/V,0;5 heterostructure electrodes at (a) the
pristine, (b) the firstly full discharging, (c) the firstly full charging, and (d) the
secondly discharging states. It should be noted that the peaks appeared at 34.9°, 38.2°,
40.3°, and 53.0° are attributed to the titanium foil (current collector).

The XRD test was first applied to uncover the phase composition evolution of the
VS4/V,0; heterostructures during zinc ion storage. At the pristine state, there are two
strongest diffraction peaks at 15.8° and 16.8° attributed to (011) and (020) crystal
planes of VS,, respectively. Meanwhile, there are three characteristic peaks at 24.2°,
32.9°, and 36.3°, which are consistent with the crystal plans (012), (104), and (110) of
V,0;, respectively. For the first full discharging state, all the crystal plane peaks of
VS4/V,0; heterostructures still exist, other than the relative strength change of (011)
and (020) crystal planes of VS4, which demonstrates that the zinc ion storage is not
the conversion reaction. When at the first full charging state, all the characteristic
peaks of VS,/V,0;5 heterostructures go back to the pristine state, indicating the
reversible zinc ion storage process. At the secondly full discharging state, the
characteristic peaks of VS,4/V,0; heterostructures are similar with the firstly full
discharging state, further demonstrating the reversible zinc ion storage. Of note, at the
firstly and secondly full discharging states, the new peak at about 11.0° should be
attributed to the side-product Zn,OTfy(OH)y.,'nH,O due to applying the zinc

trifluoromethane sulfonate electrolyte.”
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Figure S19. The Zn 2p XPS spectra of the VS,/V,0; heterostructures at different zinc

Banding Energy (eV)

ion storage states (a) without the argon ion etching (b) and after etching 32s.

The XPS test was carried out to further analysis the valence states and element
coupling environments of the VS,/V,0; heterostructures during zinc ion storage.
When firstly discharged to 0.3 V, two obvious peaks of Zn2ps, (1022.5 eV) and
Zn2py, (1045.6 eV) appear, indicating that the successful zinc ion storage compared
with the pristine state without zinc element signals. Moreover, even after etching 32s
via argon ion sputtering during XPS testing process, the zinc element signals can also
obviously detect, demonstrating the zinc ions are successfully intercalated in the

VS4/V,0; heterostructures. When firstly charged to 1.2 V, the peak intensities of Zn

2p weaken, indicating the reversible zinc ion deintercalation process.
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Figure S20. The V2p XPS spectra of the VS,/V,0; heterostructures at (a, b) the
pristine, (c, d) the firstly full discharging, (e, f) the firstly full charging, and (g, h) the
secondly discharging states without the argon ion etching and after etching 32s,
respectively.

For the V2p XPS spectra of the pristine state VS4/V,0; heterostructures, at the
firstly full discharging state, the peak area proportion corresponding to V#* at about
517.7 eV decreases, and the peak area proportion corresponding to V3* at about 516.5
eV increases, which indicates that a part of V4 undergoes a reduction process during
the zinc ion intercalation. Moreover, after the argon ion etching, the partial reduction
phenomenon from V#* to V3* is more obvious, further proving the occurrence of zinc
ion intercalation. When charged to 1.2 V, the vanadium valances of V4" and V3" are
nearly complete recovery especially for the argon ion etching sample, indicating the
reversible zinc ion extraction from the VS,/V,0; heterostructures. For the secondly
full discharging state, the vanadium valances of V4" and V3* are similar with those at
the firstly full discharging state, demonstrating that the VS,/V,0; heterostructures can
achieve the reversible zinc ion storage. The above BET, CV, XRD, and XPS analyses
confirm that the zinc ion storage is the intercalation/deintercalation mechanism for the

VS4/V,05 heterostructures.
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Figure S21. FTIR spectra of the VS,/V,0; heterostructures at different zinc ion
storage states.

The FTIR test was measured to further analyze the structural information evolution
of the VS4/V,0; heterostructures during the zinc ion storage. For the first full
discharging state, the characteristic peaks of VS,/V,0; heterostructures are kept
unchanged comparable with the pristine state, indicating the structure stability during
zinc ion intercalation. Furthermore, at subsequent full charging/discharging states, the
the characteristic peaks of VS,4/V,0; heterostructures are kept stability, revealing that
VS4/V,0s5 heterostructures can achieve the stable zinc ion intercalation/deintercalation.
It's worth noting that the peaks appearing at about 1633 and 1267 cm! are attributed
to the C-O characteristic vibration. The peak at about 1393 cm! belongs to the
characteristic peak of amorphous carbon. The FTIR result is consistent with the above

XRD analysis.
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Figure S22. Raman spectra of the VS,/V,0; heterostructures at different zinc ion
storage states.

The Raman spectroscopy was appled to further investigate the microscopic
structure evolution of the VS,/V,0; heterostructures during the zinc ion storage. At
different zinc ion storage states, the typical Raman peak is kept unchanged, indicating
the structure stability during zinc ion intercalation/deintercalation. Of note, the peaks
appearing at 1346 cm! and 1595 cm! are attributed to the characteristic peaks of
conductivity agent (Super P). Meanwhile, most of Raman modes are relatively weak
in intensity due to the scattering of incident light caused by the various components of
the tested electrode. The Raman result is consistent with the above XRD, XPS, and

FTIR analyses.
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