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Experimental section 

Preparation of multilayer thin film electrodes

All multilayer film electrodes were deposited on Cu foil substrates (5 × 5 cm2) using a KYKY JGB-560 

magnetron sputtering system. The thickness of SnO2, NiO, CoO, Fe2O3 and SiO2 are shown in Table S1. 

Under optimized conditions, in a typical deposition, a radio frequency magnetron (power 90 W, 2.5 Pa Ar 

as the working gas) was used during deposition after a base pressure of 3.5 × 10-5 Pa was achieved. 

Material Characterization

The microstructures were investigated by scanning electron microscopy (SEM, JEOL JSM-7100F) and 

transmission electron microscopy (TEM, JEOL, JEM-2100F). The valence states of multilayer thin film 

electrodes were determined with X-ray photoelectron spectroscopy (XPS) on an Axis Ultra DLD 

spectrometer.

Electrochemistry Characterization

The half cells were assembled with NiO/SnO2 multilayer films as working electrode, lithium metal 

foils as counter electrode. A Celgard 2325 film (Whatman) was placed between the working electrodes 

and the lithium metal. The electrolyte of all coin cells was 1M LiPF6 in 1:1 (volume ratio) ethylene 

carbonate (EC) and diethyl carbonate (DEC) with 5% fluoroethylene carbonate (FEC). Usually, the 

electrochemical performance was tested on a Neware Battery Tester system (CT-3008W) within a voltage 

window of 0.01−3 V. Alternating current impedance of the NSM cells were measured with a frequency 

range from 100 kHz to 0.01 Hz by a SI 1260 Impedance/Gain-Phase and Solartron SI 1287 Electrochemical 

Interface Analyzer. The galvanostatic intermittent titration technique (GITT) test was conducted on a Land 

Battery Tester.

Magnetic Characterization

The nonmagnetic NSM flexible packaging cells were assembled using the same counter electrode and 

electrolyte as the coin batteries. Magnetic measurements were performed on a physical property 

measurement system (PPMS, Quantum Design) using the self-developed batteries for the in-situ 

measurements. Simultaneously, these batteries were connected in C-V at 0.5 mV s-1 from 0.01 to 3 V and 



cycled at 300 K, while magnetization was sampled at a constant field (3 T). The background deduction is 

rigorously conducted during operando magnetometry measurements to exclude signal interference from 

the cell assembly component.

Magnetic calculation of grain size
The magnetization of superferromagnetic particles will follow a Langevin function

𝑀 (𝐻, 𝑇) = 𝑀0L(𝜇𝑝𝐻∕𝑘𝑇)                         (1)

where L(x) = coth 𝑥 − (1/𝑥) and 𝜇𝑝 is the magnetic moment per particle. Fitting our measured data 

at 300 K to the Langevin function, we found μp =253.72 𝜇𝐵. Considering 2 𝜇𝐵 per Ni atom, an average 

particle diameter of 1.2 nm could be deduced.

DFT calculations

All the DFT calculations were performed using the Vienna ab initio simulation packages (VASP). Based 

on the generalized gradient approximation (GGA), the exchange-correlation term between electrons was 

described by the Perdew-Burke-Ernzerh (PBE) functional. Brillouin zone integration was accomplished by 

2×2×1 Monkhorst-Pack k-point mesh for structural optimizations. The projector-augmented wave method 

was used to describe the electron-ion interactions and the cut-off energy for the plane wave basis set was 

450 eV. The criterion of energy convergence was 1×10-5 eV. The optimization was complete until the 

residual force of each atom was less than 0.05 eV/Å. The dipole moment was calculated parallel to the z 

direction and a vacuum of 15 Å at the z direction was employed to avoid interactions between periodic 

images. The calculation of adsorption free energy was defined as the equation: Eads = E(total) – E(surface) 

– E(isolated adsorbate). The Gibbs free energy (G) can be calculated as the equation: ΔG = ΔEads + ΔZPE – 

TΔS, where Eads was the electronic adsorption energy in the self-consistent calculation, and ZPE stand for 

the zero-point energy difference between adsorbed and gaseous species while TS was the entropy 

correction at 298 K.



Supplementary Tables and Figures

Table S1. Preparation conditions and parameters of the various multilayers.

Film Thickness (nm) Power Pressure Others

SnO2

NiO

NSM

CSM

FSM

SiO2

SiO2-NiO

150nm

150nm

NiO-SnO2 10nm/5nm (10 cycle)

CoO-SnO2 10nm/5nm (10 cycle)

Fe2O3-SnO2 10nm/5nm (10 cycle)

200nm

15nm/5nm (10 cycle)

90W

90W

90W

90W

90W

90W

90W

2.5Pa

2.5Pa

2.5Pa

2.5Pa

2.5Pa

2.5Pa

2.5Pa

Room temperature

Room temperature

Room temperature

Room temperature

Room temperature

550℃

550℃



Table S2. Resistance of SnO2 and NSM in different cycles.

Resistance(Ω)

Cycle Number
SnO2 NSM

1 35 25

10 45 26

20 48 28

30 52 30

50 93 32

80 125 31

100 160 35

200 - - 42



Figure S1. (a) XRD pattern of NSM electrode, (b) TEM image of NSM electrode.



Figure S2. (a) XPS survey spectrum of initial NSM electrode. (b) High-resolution XPS of Ni 2p, (c) Sn 3d, (d) 

C 1s.



Figure S3. ICE and cycling performance in the initial 100 cycles at a current density of 1000 mA g-1 for SnO2, 

NiO and NSM anodes.



Figure S4. High-resolution XPS of Sn 3d for (a) SnO2 and (b) NSM at charging to 3.0V after 50 cycles.



Figure S5. SEM images of (a) pure SnO2 and (b) NSM nanocomposite anodes after 50 cycles.



Figure S6. Ex situ STEM images of NSM and SnO2 after 50 cycles and charge to 3 V. HRTEM images of (a) 

SnO2 and (d) NSM. SAED patterns of (b) SnO2 and (e) NSM. SEI patterns of (c) SnO2 and (f) NSM. 



Figure S7. EDX mapping of (a) SnO2 and (b) NSM electrodes after 50 cycles. 



Figure S8. Ex situ TEM images of lithiated products of SnO2 electrode after 100 cycles.



Figure S9. Randle equivalent circuit for NSM. 



Figure S10. XPS survey of (a) initial NiO/SiO2 thin film. (b) The high-resolution Si element.



Figure S11. Electrochemical characterization and properties of NiO/SiO2 multilayer films. (a) CV curves of 

a NiO/SiO2 multilayer films electrode for the first three cycles at a scan rate of 0.5 mV s–1 over the 

potential window of 0.01-3 V. (b) Charge-discharge curves of NiO/SiO2 multilayer films. (c) Cycle 

performance of the NiO/SiO2 multilayer films electrode at 500 mA g−1 for LIBs. (d) Rate capabilities of 

NiO/SiO2 electrodes.

The XPS characterization of NiO/SiO2 is shown in Figure S8, and the peak of 103.8 eV corresponds to 

the Si4+, indicating that highly pure NiO/SiO2 is prepared.1 The cyclic voltammetry (CV) test at a scan speed 

of 0.5mV s-1 of NiO/SiO2 is shown in Figure S11a and a sharp peak near 0.5 V on the first cathodic scan is 

caused by the initial reduction of NiO to Ni, the reaction mechanism for SiO2 to storage Li is proposed to 

include two parts, one is reversible and the other is irreversible. The irreversible reaction is generally 

written as follows:

SiO2 + 4Li+ + 4e- ↔ Si + 2Li2O                     (1)

SiO2 + 2Li+ + 2e- ↔ Si + 1/2Li4SiO4                  (2)

The reversible reaction is usually expressed as:

SiO2 + 4/5Li+ + 4/5e- ↔ Si + 2/5Li2Si2O5                  (3)



Si + xLi+ + xe- ↔ 2LixSi                          (4)

The degree of reconversion dominates ICE and reversible capacity. From the above analysis, the loss 

of an irreversible Li2O can be catalytically decomposed by Ni. and reused during the delithiation process 

which induces an increasing of ICE and superior capacity. An ultrahigh average ICE of 81.2%, with 964 

mAh g-1 in average capacity after 100 cycles at a current density of 500 mA g-1 was achieved as shown in 

Figure S9b and c, which is far superior to pure SiO2. (Figure S10) And fast kinetics and ion diffusion rate of 

the NiO/SiO2 multilayers have been reflected as shown in Figure S9d.



Figure S12. Cycle performance of the pure SiO2 electrode at 500 mA g−1 for LIBs. 



Figure S13. (a) XPS survey of CoO/SnO2. (b) Charge-discharge curves of CoO/SnO2 multilayer films. (c) Rate 

capabilities of CoO/SnO2 electrodes. (d) Cycle performance of CoO/SnO2 multilayer films electrode at 500 

mA g−1 for LIBs.



Figure S14. (a) XPS survey of Fe2O3/SnO2. (b) Charge-discharge curves of Fe2O3/SnO2 multilayer films. (c) 

Rate capabilities of Fe2O3/SnO2 electrodes. (d) Cycle performance of Fe2O3/SnO2 multilayer films electrode 

at 500 mA g−1 for LIBs.

The XPS characterization of CSM and FSM are shown in Figure S11a and Figure S12a, which indicates 

that pure CSM and FSM are prepared. Obviously, as expected, ultra-high ICE of FSM (90.5%) and CSM 

(91.1%) electrodes were achieved. The high capacities of 1109mAh g−1 and 1164mAh g−1 in the FSM and 

CSM electrodes at 500 mA g−1 and better rate performance were obtained (Figure S11, S12). From the 

above analysis, it can be seen that TM in situ converted from TMO will significantly improve the ICE and 

electrochemical performance of the alloy materials of SnO2 and SiO2, implying a novel fundamental 

strategy to design highly reversible and stable alloy-type electrode materials for large capacity energy 

storage.2,3 

javascript:;


Figure S15. Application of NSM as a versatile anode in Na and K ions storage. (a) Schematic diagram of the 

NSM-based half-cell. (b) The initial galvanostatic charge/discharge profiles of NSM-based electrodes for 

SIBs and PIBs at 500 mA g−1. (c) Cycle performance of the NSM-based electrodes for SIBs at 500 mA g−1. (d) 

Rate and reproducibility performance of the NSM-based electrodes for SIBs. (e) Cycle performance of the 

NSM-based electrodes for PIBs at 500 mA g−1. (f) Rate and reproducibility performance of the NSM-based 

electrodes for PIBs.

Figure S13a demonstrates the schematic of SIBs and PIBs. As expected, the ultra-high ICE (90.5%) and 

ICE (80.1%) for the prepared SIBs and PIBs were realized (Figure S13b). This proves that the conversion 

reactions with poor reversibility are promoted by Ni NPs:

SnO2 + 4Na+ + 4e- ↔ Sn + 2Na2O                    (9)

SnO2 + 4K+ + 4e- ↔ Sn + 2K2O                     (10)

And the discharge capacities of SIBs and PIBs are almost below 2.2 V, which can ensure that NSM can 



also be used as a potential anode for Na and K ions storage. In addition, under 500 mA g−1, it could deliver 

the capacities of 552 and 338 mAh g−1 in average Na and K ions storage (Figure S13c, S13e). And the 

stability of the NSM based electrodes during fast ion insertion/extraction process of Na and K battery 

were performed as shown in (Figure S13d, S13f), even after several charge/discharge cycles at different 

rates, the reversible specific capacities can be recovered to 599 and 308 mA h g −1 for SIBs and PIBs 

respectively. Further performance displays that NSM can hold the ICE of 88.4% and 78.6% and keep high 

capacities of 435 and 108 mA h g−1 under 1000 mA g−1 over 200 cycles for SIBs and PIBs respectively 

(Figure S14) These results prove that NSM is promising as a multifunctional anode in energy storage. 

Compared with other structures, NSM shows an enormous breakthrough of ICE in SIBs and PIBs as shown 

in Figure S13.4-23 



Figure S16. Cycle performance of the NSM electrode for (a) SIBs and (b) PIBs at 1000 mA g−1. 



Figure S17. (a) The ICEs and capacity of SnO2-based anodes for SIBs reported in the recent literatures, 

including the nano SnO2
4, SnO2-C5, SnO2-G6, SnO2-Metal oxides (SnO2-MOs)7, SnO2@void@C5 and SnO2-

Metal (SnO2-TMs)7, (b) for PIBs include the pure nano SnO2
8, SnO2-C9, SnO2-G11, SnO2-binder free15 and 

SnO2-Metal sulfides (SnO2-MSs)23.



Figure S18. Charge-discharge curves of NSM/NCM full cell.

Pre-lithiated NiO/SnO2 (NSM) and LiNi0.8Co0.1Mn0.1O2 (NCM) were utilized as the anode and cathode 

materials, respectively, for the assembly of a full cell to evaluate its practical application feasibility. Fig. 

S17 provides supplementary evidence that the full cell also achieve a reversible specific capacity of 1000 

mAh g-1 (the mass is determined by negative electrode) with an ultrahigh initial coulombic efficiency of 

90.72%, demonstrating the possibility of its practical application.
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