	[image: Wiley-VCH_2]
Supporting Information 


Quicker and More Zn2+ Storage Predominantly from the Interface

Yuhang Dai, Xiaobin Liao, Ruohan Yu, Jinghao Li, Jiantao Li, Shuangshuang Tan, Pan He, Qinyou An, Qiulong Wei, Lineng Chen, Xufeng Hong, Kangning Zhao, Yang Ren, Jinsong Wu, Yan Zhao, and Liqiang Mai*

[image: ]
[bookmark: _Hlk52038267]Figure S1. SEM images of V2O5 sol precursor after drying.
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[bookmark: _Hlk52038296]Figure S2. Characterization of precursor mixture for preparing VOx-G heterostructure (i.e., the mixture of V2O5 sol + rGO + n-propyl alcohol, which is after ultrasound, before hydrothermal). a) Panoramic SEM image. b-e) Magnified SEM images. f) EDS mapping. g) ZETA potential test of rGO. h) ZETA potential test of V2O5 sol. 
It is observed that V2O5 sol and rGO precursors have conformal shapes and fit tightly to each other before hydrothermal. As both of V2O5 sol and rGO are negative in charge (g, h) and would mutually repel in electrical properties, the tight fit may originate from the interactions between their surface groups. The pre-attachment creates sites for forming abundant chemical bonds during hydrothermal process.
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[bookmark: _Hlk52038352][bookmark: _Hlk65576768]Figure S3. HAADF-STEM images of the VOx-G heterostructure. a,b) Sectional view. c) Front view. 
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[bookmark: _Hlk52039061][bookmark: _Hlk65575963]Figure S4. EELS Mapping of VOx-G heterostructure. There is no obvious morphology of VOx in the top image, and through plotting the scope of 510-560 eV, the overlapping of V and O elements is clearly observed in the below two images. The result indicates the bright spots in Figure 1c in the main text is VOx sub-nanometer clusters rather than V single atoms.
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Figure S5. Phase characterization of the VOx-G heterostructure. a) Sectional SEM image of the VOx-G heterostructure film, in which the film shows a thickness of ~130 μm. b) XRD pattern of the VOx-G heterostructure film. The inset is the enlarged view. The nanocrystal of VOx-G heterostructure can be indexed to VO2 (B), JCPDS NO:01-081-2392. It is observed that only the peak ascribed to VO2 (110) plane was detected in VOx-G heterostructure film, which may originate from the stacking of rGO sheets in the film confines the specific orientation of VOx-G heterostructure. Hence, the only detected VO2 (110) plane is the plane which contacts rGO sheets in the VOx-G heterostructure. c) Comparative Raman spectra of VOx-G heterostructure, VO2+G and VO2 after fabricated with CNTs. Raman peaks of the three sample locate at the same Raman shift, indicating the bonding forms are broadly the same. 

[image: ]
Figure S6. Phase characterization of the pure VO2 nanosheet control sample. The electrode material composed of pure VO2 nanosheet being physically mixed with rGO is denoted as VO2+G. a) SEM image, b) XRD pattern, and c) AFM of the pure VO2 nanosheet. The thickness of the pure VO2 nanosheet is ~ 6 nm. 
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[bookmark: _Hlk52039077][bookmark: _Hlk54539851]Figure S7. Comparative characterization of VOx-G heterostructure, VO2+G and VO2. a) XPS spectra of O 1s core level. b-d) Red, blue, and black lines are attributed to VOx-G heterostructure, VO2+G and VO2, respectively. (b) FTIR spectra. The FTIR spectra demonstrate the ratio of C-O (Ref. [S1]) to V=O is larger for VOx-G heterostructure than VO2+G and VO2, indicating the C-O content is higher in VOx-G heterostructure. (c) Raman spectra. (d) EPR spectra. 
In Figure S7a, the C-O content in VOx-G heterostructure is apparently higher than VO2+G and VO2, indicating that there are many newly formed C-O bonds, which is consistent with the FTIR spectra. Further investigation is combined with Raman spectra. Moreover, the different location of G-band for VOx-G heterostructure from VO2+G and VO2 as shown in (c) indicates the forming of heterogeneous bonds leads to electron or hole doping in graphene[S2]. On the other hand, the different g-value of VOx-G heterostructure from VO2+G and VO2 indicates that the heterogeneous bonds lead to change in the spin state of the lone electron of vanadium. According to these characterizations, the specific form of the interfacial interaction is marked as V-O-C bond.
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[bookmark: _Hlk52039139]Figure S8. The DFT calculation model for VOx-G heterostructure. a) Density of states (DOS) calculation. b) Illustration of heterogeneous interface configuration. The Mulliken Charge values of interfacial V before and after the forming of V-O-C bonds are listed in the below chart. 
[bookmark: _Hlk54699804]The results indicate that the electron of interfacial V increases due to the forming of heterogeneous V-O-C bonds while upper V atoms shows no charge difference. The reason is that in the V-O-C configuration, C behaves as an electron donor in the interfacial bond, and O tends to accept electron from C and V atoms.
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[bookmark: _Hlk52039089][bookmark: _Hlk51767738]Figure S9. XPS spectra of Zn 2p core level for VOx-G heterostructure in discharged state and pristine state. The occurrence of the Zn signal indicates that the Zn2+ ions have inserted into VOx-G heterostructure. 
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Figure S10. EELS valence mapping of VOx-G heterostructure in discharged state.
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Figure S11. XPS spectra of V 2p core level for VOx-G heterostructure in a) discharged and b) charged states, respectively. We can observe that the vanadium element in the discharged state has a higher valence than in the charged state. The more pronounced V4+ signal (VO2 nanocrystal) than V3+ signal (VOx sub-nanometer cluster) originates from the small size of VOx sub-nanometer cluster and relatively large size of VO2 nanocrystal. In addition, the oxidation of V3+ in the air generates more V4+.

[image: ]
Figure S12. Galvanostatic charge-discharge curve of rGO and rGO decorated with VOx sub-nanometer clusters at 0.1 A g-1.
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Figure S13. In situ and ex situ XRD characterizations of VOx-G heterostructure. a) In situ XRD patterns. b) Corresponding charging/discharging curve of (a). c) Ex situ XRD patterns. 
[bookmark: _Hlk48224353]During the in situ testing, the mould battery is encapsulated with polyethylene film to reduce electrolyte crystallization. Black, blue and green squares in (a) are attributed to Zn(OTf)2, Zn5(OTf)8(OH)2·nH2O (which originates from H+ insertion[S3]) and polyethylene film, respectively. No obvious peaks of VO2 are shown in (a), which is due to the ultrafine size of VO2 sub-nanometer clusters whilst the Zn(OTf)2 and Zn5(OTf)8(OH)2·nH2O shield the signal. We further carried the ex situ XRD analysis in which the samples were washed with deionized water and ethanol before the test. No peak shift was observed during zinc insertion/extraction as shown in (c).
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[bookmark: _Hlk65273377]Figure S14. Supporting Raman spectrum of in situ Raman test. The sapphire crystal was used to encapsulate the mould battery. a) Raman spectrum of the pristine state VOx-G heterostructure in the mould battery. b) Raman spectrum of Zn(OTf)2 powder. c) Raman spectrum of sapphire crystal. (b) and (c) supports the data in Table S1. d) In situ Raman spectra and corresponding galvanostatic charge-discharge curves. The vanish of VOx peaks in the subsequent in situ Raman spectrum is due to the ultrafine morphology of VOx sub-nanometer clusters being shielded by Zn(OTf)2 and Zn5(OTf)8(OH)2·nH2O.
[bookmark: _Hlk65272852][bookmark: _Hlk52038540]
Table S1. Wavenumbers (cm-1) and vibrational assignments for the peaks in in situ Raman spectrum.
	Raman 
	Approximate description of mode

	123, depol
	CF3 torsion

	220
	CF3 out-of-plane rock

	313, pol
	CF3 wag

	327
	E2(High)-E2(Low) 

	355, depol
	CF3 wag

	523
	E2(High)+E2(Low) 

	589
	vs(SO3) 

	659
	A1(LO)+E2(Low)

	775 
	δs(CF3)+v(CS)

	1035
	vs(SO3) 

	1066
	C-O (alkoxy) stretch

	1087
	2A1(LO)

	1186
	vas(SO3) 

	1230
	Vs+vas(CF3) 

	1260
	



Partial of the peak locations related to groups of Zn(OTf)2 are based on Ref. [S4-S6].

Table S2. Comparison of zinc diffusion coefficients in VOx-G heterostructure to the previously reported VO2-based zinc ion battery cathodes. 
	Cathode
	DZn at discharge plateau
(cm2 s-1)
	Specific capacity
	ref

	VO2 (B)
	10-11
	357 mAh g−1 at 0.1 A g−1
	[S7]

	VO2 (B)/rGO
	1.5×10-12
	456 mAh g−1 at 0.1 A g−1
	[S8]

	VO2+G
	4.57×10-11
	330 mAh g−1 at 0.1 A g−1
	This work

	VOx-G 
heterostructure
	5.05×10-9
	443 mAh g−1 at 0.1 A g−1
	This work



Generally, the diffusion coefficient DZn (cm2 s-1) can be calculated at a small constant current pulse (20 mA g-1) according to the following Equation[S9]:
[bookmark: OLE_LINK7][bookmark: OLE_LINK14]DZn =4/πτ*(mBVM/MBS)2*(△Es/△Eτ)2
In which τ, mB, VM, MB and S are the relaxation time of the current pulse, mass, molar volume, molar mass, and electrode-electrolyte contacting area, respectively. △Es refers to the voltage difference during the open circuit period, while △Eτ is the voltage change on account of the galvanostatic charge/discharge.
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Figure S15. Electrostatic properties of VOx-G heterostructure and VO2+G. a) Differential charge density diagram of VOx-G heterostructure. b,c) ZETA potential curves of VOx-G heterostructure (b) and VO2+G (c). 
The more negative ZETA potential of VOx-G heterostructure than VO2+G originates from the heterogeneous interface, thus attracting cations more easily.
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Figure S16. V4O8 supercell was constructed for calculating the theoretical capacity of VO2(B). a) The relationship between the formation energy and the inserted Zn in ZnxVO2 (per VO2 molecule). The blue curve is the exponential fitting for the calculated results. b) Volume change with the number of zinc ions in a VO2 supercell. The curve illustrates the relaxed atomic structures after uptake of 0.25 Zn, 0.5 Zn, 0.75 Zn and 1 Zn, respectively, per VO2 molecule. Combining formation energy and unit cell volume change, the theoretical capacity of pure VO2 is calculated according to (1 VO2 could store 0.5 Zn2+):
The theoretical capacity = nF / 3.6M = (1*96485.333) / (3.6*65.409) = 409.75 mAh g-1
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Figure S17. Structural evolution of VOx-G heterostructure during zinc insertion. a) Ex situ HEXRD patterns from 0.6 to 0.3 V. The Zn5(OTf)8(OH)2·nH2O originates from H+ insertion[S3]. b) Enlarged region of (a) varying from 1.80 to 2.20. c) Spacing evolution of (110) plane during the simulation of Zn2+ ion insertion as shown in Figure 4g in the main text.
In (b), the interplanar spacing of (110) plane at 0.3 V is calculated to be 3.614 Å, so the discharge end in (c) can only locate at one of the two blue points. As from the state of 0.5 V to 0.3 V in VOx-G heterostructure (b) shows the increasing trend of the interplanar spacing, the discharge end locates at the left bule point in (c).
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Figure S18. Cyclic voltammograms of VOx-G heterostructure-battery from 5 to 500 mV s-1. 
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Figure S19. Nicholson’s working curve of VO2+G for evaluating the faradaic reaction kinetics. The red line is the linear fitting of Ψ versus sweep rate-1/2. The slope of Ψ versus v-1/2 for VO2+G was determined to be 0.0869, and thus k0 of VO2+G was determined to be 5.84×10-6 cm s-1.
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[bookmark: _Hlk65271584]Figure S20. Reaction mechanism of zinc ion storage in VO2+G. XPS spectra of V 2p core level for VO2+G at a) pristine state, and b) full discharged state. The V is reduced after Zn2+ insert, which accords with the previously reported redox-reaction pseudocapacitive VO2 AZIBs cathode[S7].
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[bookmark: _Hlk65271607][bookmark: _Hlk65271443][bookmark: _Hlk65660114]Figure S21. Kinetic analysis of the electrochemical behavior of redox-reaction pseudocapacitance for VO2+G. a) Cyclic voltammograms from 0.1 to 2 mV s-1. b) Cyclic voltammograms from 5 to 500 mV s-1. c) Determination of b-value by evaluating the relationship between peak current and sweep rate between 0.1 to 500 mV s-1. d) Capacity versus v-1/2 between 0.1 to 500 mV s-1 is considerate for separating diffusion-controlled capacity from capacitive-controlled capacity. e) Cyclic voltammogram at 2 mV s-1. The capacitive contribution to the total current is expressed as the shaded region. f) Surface-controlled and diffusion-controlled contributions to capacity from 0.1 to 2 mV s-1. g) Evaluation of the b-value at every 0.05 V in the potential window from 0.1 to 2 mV s-1. The Figure S21g shows that the b-value of VO2+G deviates from 1 to a large extent at different potentials, which is not as stable as that of the VOx-G heterostructure maintaining around 1, indicating that the VOx-G heterostructure (interfacial storage) has more stable capacitive behavior in the full voltage window than the VO2+G (conventional energy storage mechanism).
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[bookmark: _Hlk52039241]Figure S22. Comparison of the galvanostatic charging/discharging curves for VOx-G heterostructure, VO2+G and VO2 at the 3th cycle when all the three cathodes have been worked steadily.
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[bookmark: _Hlk52039251][bookmark: _Hlk52038605]Figure S23. Box plot of cycling performance for VOx-G heterostructure at 0.1 A g-1. 
Table S3. Data source of box plot in Figure S23.
	Set
	Capacity (mAh g-1)

	
	1st
	2nd
	3rd
	4th
	5th

	1
	84.4
	433.5
	473.3
	468
	467.2

	2
	219.3
	419.3
	437.3
	431.6
	432.3

	3
	175.3
	350.6
	377.9
	372.5
	371.5

	4
	164.7
	355.5
	349.7
	346.9
	345.6

	5
	155.2
	429.3
	443.1
	440.1
	437.9

	6
	148.9
	436.6
	438.9
	433.6
	432.8

	7
	113.8
	329.3
	422.6
	440.4
	442.2
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Figure S24. Rate performance of film electrode composed of only rGO and CNTs varying from 0.1 to 100 A g-1. It is obvious that the rGO/CNTs show few capacities, therefore, the high capacity of VOx-G heterostructure cannot be ascribed to the rGO nor the CNTs.
[bookmark: _Hlk65265079]
[image: ]
Figure S25. Ragone plot of VOx-G heterostructure and other AZIBs high-performance cathodes. Comparison of the VOx-G heterostructure with previous reported VO2(B)[S7], β-MnO2[S10], α-MnO2[S11], V2O5·nH2O[S12], Zn0.25V2O5·nH2O[S13], V2CTx[S14], Poly(1,5-NAPD)/AC[S15], and Mn3O4[S16] AZIBs cathodes.
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[bookmark: _Hlk52039334]Figure S26. Cycling performance of VOx-G heterostructure-battery, VO2+G-battery and VO2-battery. Galvanostatic current density of a) 0.1 A g-1 and b) 20 A g-1.
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[bookmark: _Hlk52039342]Figure S27. Galvanostatic charge-discharge curve of VOx-G heterostructure after 50 cycles at 0.1 A g-1. 
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[bookmark: _Hlk47433721]Figure S28. Natural voltage recovery test. The VOx-G heterostructure and VO2+G were firstly discharged to 0.3 V, then we stop the applied galvanostatic and rest the cell to monitor the voltage recovery of VOx-G heterostructure-battery (red line) and VO2+G-battery (blue line), respectively. 

[image: ][image: ]
Figure S29. Characterizations of the sample where we adjust the rGO content in VOx/rGO composite to 90% (denoted as VOx-G heterostructure-90). (Note: the rGO content in VOx-G heterostructure is 15%). a) SEM image. b) XPS spectrum of VOx-G heterostructure-90 and VOx-G heterostructure-15. The whole valence of V is 3 for VOx-G heterostructure-90. It is worth noting that the ratio of C-O content to V 2p content in VOx-G heterostructure-90 is far more than that in VOx-G heterostructure-15. The characterizations of VOx-G heterostructure-90 indicate that nearly all the VOx sub-nanometer clusters in VOx-G heterostructure-90 are bonded with rGO. c) CV curves of VOx-G heterostructure-90 at 0.1 mV s-1. The redox peaks become less sharp than VOx-G heterostructure-15, which is due to that VOx sub-nanometer clusters in VOx-G heterostructure-90 are very isolated, resulting in there is almost no arrangement channel at the VOx/rGO interface. d) Galvanostatic charging/discharging curves at 0.1 A g-1. e) Cycling performance of VOx-G heterostructure-90 at 0.1 A g-1. Regard VOx as active material, the capacity is 521.2 mAh g-1 for VOx-G heterostructure-15, and ~700 mAh g-1 for VOx-G heterostructure-90. Therefore, in VOx-G heterostructure-90, interfacial storage accounts for a greater proportion.
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[bookmark: _Hlk54726986][bookmark: _Hlk54727003][bookmark: _Hlk52039534]Figure S30. Characterizations of samples being synthesized with the rGO content of 30% and 70% in VOx/rGO composite. The two samples are denoted as VOx-G heterostructure-30 and VOx-G heterostructure-70, respectively. a) SEM image of VOx-G heterostructure-30. b) SEM image of VOx-G heterostructure-70. c) Galvanostatic charging/discharging curve of VOx-G heterostructure-30 at 0.1 A g-1. d) Galvanostatic charging/discharging curve of VOx-G heterostructure-70 at 0.1 A g-1. 

[image: ]
Figure S31. Adjustment of the interfacial storage behavior. Regard the mass of VOx as the active mass, the capacity of VOx-G heterostructure increases with the increase of rGO content in VOx/rGO composite (the blue line in the image), indicating reducing VO2 bulk could increase the specific capacity (vs. VOx) owing to the larger ratio of interfacial storage. In the meantime, the specific capacity (vs. VOx +rGO) is decreased with the increase of rGO content, which can be attributed to that bonding sites upon rGO is limited such that the bonding sites are not fully utilized for VOx-G heterostructure-70 and VOx-G heterostructure-90.

[image: ]
Figure S32. Characterizations of the rGO@TiO2 quantum dots system. We further synthesize rGO@TiO2 quantum dots[S17] and pure TiO2[S18] to expand the using of interfacial zinc storage. a) SEM image and b) EDS mapping of the rGO@TiO2 quantum dots. c) XRD of rGO@TiO2 quantum dots and the control sample of pure TiO2.
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[bookmark: _Hlk54727040][bookmark: _Hlk52039617]Figure S33. Electrochemical zinc storage of rGO@TiO2 and pure TiO2. a) Multi-sweep rate CV curves of 0.1-100 mV s-1 for rGO@TiO2. b) Charging/discharging curve of rGO@TiO2 for the first 3 cycles at 100 mA g-1. c) Cycling performance of rGO@TiO2 at 100 mA g-1. d) Multi-sweep rate CV curves of 0.1-100 mV s-1 for pure TiO2. e) Charging/discharging curve of pure TiO2 for the first 3 cycles at 100 mA g-1. f) Cycling performance of pure TiO2 at 100 mA g-1. 
The additional reduction peaks in (a) compared with (d) are ascribed to the interfacial zinc storage. The interfacial zinc storage brings about the capacity of ~30 mAh g-1 for rGO@TiO2 though capacity for individual pure TiO2 and rGO/CNTs film (as shown in Figure S24) are both less than 10 mAh g-1 (at the current density of 100 mA g-1). In addition, the outline of reduction peaks in (a) is becoming more and more sharp with the increase of the sweep rate, which is distinct from traditional crystalline-dependent zinc ion insertion.


[image: ]
[bookmark: _Hlk54727050][bookmark: _Hlk52039657]Figure S34. Interfacial storage in rGO@SnO2 quantum dots system. We also synthesize rGO@SnO2 quantum dots[S19] for figuring the using of interfacial zinc storage. Characterization and electrochemical zinc storage of rGO@SnO2. a) SEM image. b) EDS mapping. c) XRD pattern. d) Multi-sweep rate CV curves of 0.1-100 mV s-1. e) Charging/discharging curve for the first 3 cycles at 100 mA g-1. f) Cycling performance at 100 mA g-1. The interface constructed in rGO@SnO2 brings about a capacity of ~20 mAh g-1 at 100 mA g-1 as pure SnO2 is inactive in zinc storage.

Supporting Notes
1. Calculation of the specific capacity of VOx-G heterostructure
Because the Zn2+ storage predominantly originates from the interface of VOx-G heterostructure, for such a new storage mechanism, the capacity values of 443 mAh g-1 (0.1 A g-1) and 174.4 mAh g-1 (100 A g-1) in VOx-G heterostructure are calculated based on the sum of the mass of vanadium oxide and graphene. If compared to other VO2-based cathodes for aqueous zinc-ion batteries, the capacity values would be 518 mAh g-1 (0.1 A g-1) and 204 mAh g-1 (100 A g-1) based on the mass of vanadium oxide.

2. H+ insertion contribution in interface storage and bulk storage
[image: ]
Figure S35. Electrochemical H+ storage performance for VGH and VGP in H2SO4 electrolyte (the pH value is 4.01, which is identical to that of 3M Zn(OTf)2), and activated carbon cloth was served as the anode to avoid Zn2+ in the electrolyte. a) Charge/ discharge curves of VO2+G for the first 3 cycles at 0.1 A g-1. b) Charge/ discharge curves of VOx-G heterostructure for the first 3 cycles at 0.1 A g-1. c) Cycling performance for VO2+G and VOx-G heterostructure. 
The capacity of interfacial H+ storage in VOx-G heterostructure is slightly higher than VGP, indicating an enhanced H+ storage for interfacial ion storage than bulk storage. Besides, the reversible capacity of H+ storage in VOx-G heterostructure is about 40 mAh g-1, which indicates that the energy storage properties in VOx-G heterostructure are dominated by Zn2+ ions.


3. Form of decoupled transport of electron and Zn2+
[image: ]
Figure S36. XPS of pure rGO after being ultrasonic cell disrupted. The results show that graphene oxide was reduced during the disruption process such that the oxygen-containing groups upon rGO is few. Therefore, the O element in the Zn-O bond as seen in Figure 3b (in the main text) originates from the VOx, i.e., the interfacial Zn2+ storage in VOx-G heterostructure relies on VOx directly (by forming V-O-Zn bonds) while electrons are transferred and transported on rGO. Therefore, the decoupled transport of electrons/Zn2+ ions are revealed.

4. High-rate decoupled transport of electron and Zn2+
The flux of species (j) can be related to the conductivity (σ) and the gradient of electrochemical potential (), thus we can write that:
                                    Ion flux in phase α                                                 (S1)
                            Electron flux in phase β                                               (S2) 
Where F is the Faraday’s constant. According to the law of conservation of charge, the flux of the charge carrier (jM) equals to  and , resulting: 
                                   (S3)
The electrochemical potential is composed of chemical potential (μ) and the electric potential (φ) for the charged species:
                                     ]                         (S4)
[image: ]As then, because jM is coupled by ion and electron flux, which generates the same differential of concentration, showing                                      . The Equation S4 can be written as Equation 1 in the main text.

5. [bookmark: _Hlk65348177]Synthesis of rGO@TiO2 quantum dots, pure TiO2 and rGO@SnO2 quantum dots.
Synthesis of the rGO@TiO2 quantum dots. 0.4 mmol TiCl4 was firstly dispersed in 44 mL ethyl alcohol under stirring. Then 6 mL 2.0 mg mL-1 rGO aqueous solution were slowly dropped into the above solution under. After 30 min of stirring and subsequent ultrasonic treatment, the mixture solution was transferred into a Teflon autoclave and reacted at 140 ℃ for 2 h. Finally, the obtained rGO@TiO2 quantum dots powder was assembled into film electrode by vacuum filtration with 30 wt% CNTs, followed by washing with DI water.

Synthesis of the pure TiO2. 5 mL of tetrabutyl titanate and 1.2 mL of hydrofluoric acid solution were mixed and added to a 50 mL Teflon autoclave, followed by a hydrothermal process at 180 ℃ for 24 h. After the solution was cooled to room temperature, the white precipitate was collected by centrifugation and washed with ethanol and DI water. The obtained product was assembled into film electrode by vacuum filtration with 30 wt% CNTs.

Synthesis of the rGO@SnO2 quantum dots. 10.2 mL acetylacetone was firstly added to 37.6 mL n-butyl alcohol under stirring. After the homogeneous solution was formed, 34.2 mL SnCl4 was then added into the solution at room temperature, and the resultant solution was labeled as solution A. Next, 3.804 g p-toluenesulfonic acid was dissolved in 18 mL deionized, and the resultant solution was labeled as solution B. The two solutions were then mixed and stirred at 60 ℃ for 12 h under reflux. Afterward, the resultant SnO2 soliquid was mixed with 15% wt% rGO and then transferred to 50 mL Teflon autoclave. After hydrothermal treatment at 180 ℃ for 24 h, the resultant sample was washed using ethyl alcohol and DI water. Finally, the obtained product was assembled into film electrode by vacuum filtration with 30 wt% CNTs.

6. [bookmark: _Hlk65549874]The carbon and VOx content in the VOx-G heterostructure.
[image: ]
[bookmark: _Hlk65573757]Figure S37. TGA of VOx-G heterostructure film. From the TGA testing, the carbon content is 45% in the VOx-G heterostructure. As 30 wt% CNTs are finally added to form a free-standing film, the rest carbon is originated from the rGO. Namely, the rGO occupies 15% in the VOx-G heterostructure, and hence VOx occupies 55% in this composite.


7. [bookmark: _Hlk65674860]VOx-G heterostructure electrode fabricated using regular slurry casting method.
[image: ]
Figure S38. The VOx-G heterostructure powder was assembled into slice electrode with Acetylene black and PTFE with a ratio of 7:2:1, and the electrochemistry was evaluated. a) Cycling performance. b) Charging/discharging curve at 0.1 A g-1. As shown in (b), the reaction mechanism is unchanged for this sample compared with VOx-G heterostructure film electrode. Besides, due to the use of binder, the rate and capacity of the slice electrode is lower than that of the film electrode.

8. EELS data Collection region of Figure 1b in the main text. 
[bookmark: _Hlk65576683][image: ]
Figure S39. a) HAADF-STEM image of the VOx-G heterostructure. b,c) EELS valence mapping of V element and O element, respectively. We found a region where there is both VOx bulk and VOx sub-nanometer cluster. The red line in Figure 1b in the main text was recorded from region #1, while the blue line was recorded from region #2 in Figure S39a.
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