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Abstract 

In this paper, novel freestanding 3D hierarchical porous SnOx-decorated Ni3Sn2 

(3D-HP SnOx@Ni3Sn2) composites are synthesized facilely by two-step chemical 

dealloying of designed as-cast Sn-45 at.%Ni alloy in different corrosive solutions. The 

results show that the 3D-HP SnOx@Ni3Sn2 composites have a typical bimodal pore 

size distribution composed of a micron-sized ligament-channel structure with highly 

nanoporous channel walls built by ultrafine SnOx (x=1,2) nanoparticles (3-6 nm). The 

unique 3D-HP composites as a binder-free integrated anode for lithium ion batteries 

(LIBs) display a significantly improved Li storage performance with first reversible 

capacity of 2.68 mAh cm-2 and good cycling stability with 85.1% capacity retention 

and over 98.4% coulombic efficiency after 100 cycles (just 0.004 mAh cm2 per cycle 

for capacity fading). This can be mainly ascribed to the synergistic effect between 

chemically inert 3D microporous Ni3Sn2 substrate with robust mechanical stress 

buffer and good transfer mass channels and in-situ growth of nanoporous SnOx with 

large specific surface areas and high electrochemical active sites. We believe that the 

present work can offer a promising anode candidate toward advanced LIBs. 

Keywords: Dealloying; Hierarchical porous structure; Sn-Ni alloy; Lithium ion 

battery; Anode
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1. Introduction 

Nowadays, searching for alternative electrode materials with high specific capacity 

and proper lithiation potential is crucial to the development of new-generation lithium 

ion batteries (LIBs) with high energy and power densities so as to meet the pressing 

needs of emerging energy-drived industries [1-4]. Compared to the conventional 

commercial graphite anode with a low specific capacity (just 6C reacting with 1Li), 

Sn-based anodes, one class of the most promising candidates, have attracted extensive 

attention due to their remarkably high theoretical Li storage properties (maximally 

4.4Li incorporating into 1Sn) [5-9]. Among various Sn-based anode materials, tin 

oxides (SnOx, x=1,2) can effectively react with Li+ by electrochemical redox and 

in-situ form amorphous Li2O nano-matrix wrapping Sn nanoparticles (NPs) to help 

absorb the expansion stress of active material, facilitating to improve the structural 

integrity and cycling stability of the electrode to some extent [10-14]. Unfortunately, 

severe volume change (~300%) and huge mechanical stress caused during repeated 

lithiation-delithiation processes would easily lead to quick cracking, pulverization and 

detachment of active material from substrate, which has accountable for sharp 

capacity degradation and terrible cycle performance, thus hampering its further 

implementation in LIBs [15-19]. 

To overcome these obstacles, two main approaches have been supposed in the past 

few years. On one hand, reducing the feature size of SnOx particles from micron to 

nanoscale is an effective approach [20-21]. The advantages are as follows: (1) the 

specific surface area can be increased to provide more active sites reacting with Li+, 
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resulting in the improvement of Li storage capacity; (2) the volumetric change rate is 

reduced to enhance the mechanical integrity and structural stability of electrode; (3) 

the short Li+ and electron transport paths can be provided to accelerate the reaction 

kinetics between SnOx with Li+. On the other hand, chemically inert 3D porous 

materials (usually copper) are introduced to act as current collectors and substrates of 

SnOx in LIB anodes [22-24]. Compared to the common 2D planar structure, the 3D 

porous substrate is of great benefit to increase the loading mass of SnOx per unit area 

due to its larger specific surface area, thus improving the areal capacity of electrode. 

Meanwhile, the larger specific surface area and more buffer space of 3D porous 

substrate also can greatly boost the utilization of SnOx and effectively accommodate 

the volume change of SnOx during cycling [25]. Unlike 3D nanosized porous 

substrate with limited mass transfer, however, 3D microporous substrate not only can 

enhance the loading mass of active materials, but also can accelarate the mass transfer 

kenetics inside electrode. As a result, combining nanosized SnOx with 3D 

microporous substrate can further boost the Li storage properties of electrode. For 

example, C. Tao et al. designed a 3D foam structure with dispersed SnO2 NPs on 

reduced graphene oxide (RGO) sheets using a hydrothermal method and subsequent 

freeze drying to obtain the carbon-coated SnO2/RGO foam, which exhibited a high 

initial reversible capacity of 1.22 mAh cm-2 and 74.7% capacity retention after 130 

cycles at 0.2 mA cm-2 [24]. Unfortunately, the SnO2 NPs and RGO foam were 

combined only by external force, resulting in the SnO2 NPs tending to quickly 

aggregate during just several cycles due to their high surface energy and Ostwald 
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ripening effect, which still is a huge challenge toward practical application of 

advanced LIBs. Therefore, it is of great importance to stabilize nanosized SnOx on 3D 

microporous substrate during cycling. Recently, it has been reported that the 

low-dimensional nanosized Cu2O can be in-situ grown on freestanding 3D porous 

copper substrate by one-step electrochemical oxidation-assisted dealloying technique, 

in which the Cu atom on the 3D porous copper surface can act as the growing source 

of nanosized Cu2O [26-27]. Hence, it is reasonable to anticipate that the in-situ 

epitaxial growth of nanosized SnOx on chemically inert 3D microporous Sn-M alloy 

substrate by simple dealloying would be a desirable route to avoid the aggregation of 

active material with high specific capacity, further improving its cycling stability. The 

key is to achieve the chemically inert 3D microporous Sn-M alloy substrate based on 

the physical mechanism of dealloying. As far as we know, there are no related reports 

yet in the literature. 

Inspired by this, we are driven by these goals: (1) design suitable Sn-M binary alloy 

with large stardard reversible potential difference between Sn and M components; (2) 

prepare chemically inert 3D microporous Sn-M alloy (without reacting to Li+) as 

current collector and substrate; (3) in-situ grow nanosized SnOx on the Sn-M alloy 

surface to enhance adhesion strength between them. Excitingly, studies have shown 

that micron-sized Ni3Sn2 alloy has little electrochemical activity to Li+, while the 

nanosized counterpart can largely react with Li+ [14,28]. It was with this in mind that 

an ideal dual-phase Ni-Sn alloy containing Ni3Sn2 can be designed according its 

binary alloy equilibrium phase diagram, in which the Ni3Sn2 must be inactive during 
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dealloying. Meanwhile, the Sn in Ni3Sn2 can also be used as the growing source of 

nanosized SnOx. 

Herein, we successfully achieve an integrated electrode in which nanoporous SnOx 

in-situ grows on 3D microporous Ni3Sn2 alloy substrate without additional binders 

and conductive agents, which can be prepared by facile two-step chemical dealloying 

of as-cast Sn-45 at.%Ni (Sn-45Ni) alloy in different corrosive solutions. The unique 

3D electrode as an anode for LIBs displays a significantly improved Li storage 

performance with first reversible capacity of 2.68 mAh cm-2 and good cycling 

stability with 85.1% capacity retention and over 98.4% coulombic efficiency after 100 

cycles. It is closely related to the synergistic effect between chemically inert 3D 

microporous Ni3Sn2 substrate with robust mechanical stress buffer and good transfer 

mass channels and in-situ growth of nanoporous SnOx with large specific surface 

areas and high electrochemical active sites, indicative of a quite promising anode 

candidate toward advanced LIBs. 

2. Experimental Section 

2.1 Preparation of 3D-HP SnOx@Ni3Sn2 composites 

The Sn-Ni alloy with nominal composition of 45 at.%Ni was designed as a 

precursor in this work. The Sn-Ni alloy ingot was prepared from pure Sn (99.99 wt.%) 

and pure Ni (99.99 wt.%) by vacuum induction furnace and then was sliced into 

sheets with 600 μm thickness by wire-cutting EDM, which subsequently were ground 

and polished to remove oxide layers on the surfaces. Energy dispersive X-ray (EDX) 

analysis showed that the atomic percentage (Sn: 53.72 at.%; Ni: 46.28 at.%) of Sn and 
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Ni in the Sn-Ni alloy was quite close to the designed composition, indicating the alloy 

sheets can be further used in the following study (the detailed EDX results are shown 

in Table S1). Afterwards, the Sn-45Ni alloy was chemically dealloyed in a mixed 

aqueous solution of 5 wt.% HF and 3 wt.% HNO3 at 30℃ for 10 h to obtain the 3D 

microporous Ni3Sn2 alloy (3D-MP Ni3Sn2, namely first-step dealloying). To prepare 

the 3D-HP SnOx@Ni3Sn2 composites, the 3D-MP Ni3Sn2 alloy was further put into a 

5 wt.% HNO3 aqueous solution for chemically dealloying at 90  fo℃ r 5 h (namely 

second-step dealloying). Upon the dealloying, the samples were rinsed with distilled 

water and ethanol for several times, and then dried at 70℃ for 24 h in vacuum oven. 

Note that all the areas mentioned in this work referred to footprint areas and all the 

chemical reagents used were of analytical grade. 

2.2 Microstructure and composition characterization 

The microstructure and chemical composition of the initial Sn-45Ni alloy, the 

as-prepared 3D-MP Ni3Sn2 alloy and 3D-HP SnOx@Ni3Sn2 composites were 

characterized by using X-ray diffraction (XRD, Rigaku D/Max-2400) with Cu Kα 

radiation, field emission scanning electron microscopy (FESEM, Hitachi S-4800) 

with an EDX analyzer, and transmission electron microscopy (TEM, JEOL JEM 

2100F) with selected-area electron diffraction (SAED), and high-resolution 

transmission electron microscopy (HRTEM, JEOL JEM 2100F). The X-ray 

photoelectron spectroscopy (XPS) were recorded on AXIS Ultra DLD with Al Kα 

radiation source (hν=1486.6 eV). The nitrogen adsorption/desorption isotherms were 

carried out at 77 K on a Nova Station A automatic surface area and pore radius 



 8 

distribution apparatus. 

2.3 Electrochemical test 

Electrochemical charge-discharge behaviors were investigated in coin-type test 

cells (CR2032) assembled with the as-prepared 3D-MP Ni3Sn2 alloy or 3D-HP 

SnOx@Ni3Sn2 composites as working electrode and lithium foil as contrast electrode 

in an Ar-filled glove box (LS-750D, DELLIX; O2, H2O<0.1 ppm). Celgard 2400 

microporous poly-propylene film was used as the separator membrane and 1M LiPF6 

dissolved in a mixed solution of EC and DEC in a volume ratio of 1:1 as the 

electrolyte. Each half-cell keeps for 12 h at room temperature before starting the 

electrochemical tests. The galvanostatic charge-discharge measurements were carried 

out using a multichannel battery test system (NEWARE BTS-610, Neware 

Technology Co., Ltd, China) for a cut-off potential of 0.01-1.5 V (vs. Li/Li+). Cyclic 

voltammograms (CVs) were recorded using a CHI 760E electrochemical workstation 

at a scan rate of 0.1 mV s-1 between 0.01 and 1.5 V (vs. Li/Li+). Electrochemical 

impedance spectroscopy (EIS) measurements were carried out over a frequency range 

from 0.01 Hz to 1 MHz with AC amplitude of 5 mV. 

3. Results and discussion 

3.1 Morphology and structure characterization 

Fig. S1 shows the binary equilibrium phase diagram of Ni-Sn alloy system and the 

chemical composition of the designed Sn-Ni precursor alloy. Obviously, the designed 

Sn-45Ni precursor should be composed of Ni3Sn2 and Ni3Sn4 bi-phases, in which the 

Ni3Sn4 has higher electrochemical activity than Ni3Sn2 due to its higher Sn content. 
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As a result, it can be expected theoretically that just Ni3Sn2 can be obtained after 

dealloying of the Sn-45Ni alloy in a proper corrosive environment, in which the Sn 

also can be used as the source of SnOx in subsequent reaction. This is in line with the 

idea proposed in the Introduction section. 

Fig. 1a shows the schematic diagram of preparation process of 3D-MP Ni3Sn2 alloy 

and 3D-HP SnOx@Ni3Sn2 composites. Briefly, the 3D-MP Ni3Sn2 alloy can be 

obtained by one-step chemical dealloying of the Sn-45Ni alloy in the 5 wt.% HF and 

3 wt.% HNO3 mixed solution at 30℃ for 10 h and the 3D-HP SnOx@Ni3Sn2 

composites can be acquired further by second-step chemical dealloying of the 3D-MP 

Ni3Sn2 alloy in the 5 wt.% HNO3 solution at 90  for 5℃  h. Fig. 1b-c shows the XRD 

patterns of the initial Sn-45Ni precursor, the as-prepared 3D-MP Ni3Sn2 alloy and 

3D-HP SnOx@Ni3Sn2 composites. It is clear that the initial alloy is composed of 

Ni3Sn4 and Ni3Sn2 bi-phases. Upon the first-step dealloying, only Ni3Sn2 phase can be 

identified in the as-obtained products and the Ni3Sn2, SnO and SnO2 tri-phases can be 

detected simultaneously after the second-step dealloying, implying the Sn in Ni3Sn2 

was oxidized to Sn4+ and Sn2+ in part in this moment. This is in good agreement with 

the theoretical analysis based on the binary phase diagram of Ni-Sn system. 

Fig. 1d-g shows the XPS spectra of 3D-HP SnOx@Ni3Sn2 composites by the 

two-step dealloying. The XPS survey spectrum in Fig. 1d reveals the just Sn and O 

elements existing on the surfaces of the 3D-HP composites. Because the 3D-HP 

composites are prepared by the dealloying of 3D-MP Ni3Sn2 alloy, it is necessary to 

further offer the high-resolution XPS spectrum of Ni 2p. In Fig. 1e, it can be found 
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that no peak of Ni element can be detected on the surfaces of the 3D-HP composites, 

suggesting the thickness of second-step dealloying layers more than 10 nm on a basis 

of the detection limit of XPS technique for metal oxides. As a result, the information 

on Ni element in the inner Ni3Sn2 substrates cannot be observed in the high-resolution 

XPS spectrum of Ni 2p. Moreover, the chemical bonding states of O and Sn on the 

surfaces of 3D-HP SnOx@Ni3Sn2 composites are shown in Fig. 1f-g. The O 1s 

spectrum can be fitted into two peaks located at 530.6 and 531.7 eV, corresponding to 

O-Sn and a trace H-O groups on the surfaces of the composites [29]. As can be seen 

from Fig. 1g, the characteristic peaks of 487.1 and 495.5 eV in Sn 3d spectrum can be 

attributed to Sn 3d5/2 and Sn 3d3/2 of Sn4+, and the peaks of 486.3 and 494.5 eV are 

closely related to Sn 3d5/2 and Sn 3d3/2 of Sn2+, implying the co-existence of SnO and 

SnO2 on the surfaces of the composites [30-33]. Moreover, according to the enclosed 

characteristic peak areas of Sn2+ and Sn4+ in the Sn 3d spectrum (A(Sn2+)=84032 and 

A(Sn4+)=54099 by XPSpeak 4.1 analysis software), the molar ratio of SnO and SnO2 

in SnOx can be estimated to be ca. 1.554. 

Fig. 2 shows the microstructure of 3D-MP Ni3Sn2 alloy and 3D-HP SnOx@Ni3Sn2 

composites. The planar SEM image of 3D-MP Ni3Sn2 alloy by the one-step 

dealloying for 10 h can be observed in Fig. 2a, which has an open, bicontinuous, 

interpenetrating porous network structure with uniform pore sizes of 10-30 μm. Note 

that no obvious NPs can be found on the surfaces of the 3D-MP alloy (inset in Fig. 

2a). The global morphology characterization (including macroscopical digital picture 

and low-magnification planar/cross-section SEM images) of 3D-MP Ni3Sn2 alloy is 
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further presented in the inset of Fig. 2a and Fig. S2, demonstrating its unique 

advantage as current corrector and substrate of active materials in LIBs due to its 

good mechanical integrity and chemical stability upon the dealloying [23,26]. Fig. 2b 

exhibits the planar SEM image of 3D-HP SnOx@Ni3Sn2 composites. Interestingly, it 

shows a typical hierarchical porous structure feature with bimodal pore size 

distribution composed of a micron-sized ligament-channel structure with uniform 

nanoporous channel walls, in which the large-sized ligament-channel structure 

inherits well from the 3D-MP Ni3Sn2 alloy substrate, while the small-sized 

nanoporous channel walls are made of ultrafine NPs on the surfaces of the 3D 

substrate. The cross-sectional SEM image of 3D-HP SnOx@Ni3Sn2 composites is 

further displayed in Fig. 2c. It also reveals a hierarchical porous structure similar to 

that on the surfaces, indicative of favourable 3D channels for mass transfer [12,22,27]. 

Note that the high-magnification SEM image in the inset of Fig. 2c further illustrates 

that the thickness of the nanoporous structure is ca. 20 nm. Combining with the XRD 

and XPS results above, it can be reasonable to speculate that the nanoporous structure 

comprises SnO and SnO2, while the micron-sized ligament-channel structure as 

substrate underneath is Ni3Sn2. 

TEM observations further verify the good nanoporous structure made of SnOx NPs 

on the surfaces of the 3D-HP composites. Fig. 2d displays a typical TEM bright-field 

image of 3D-HP SnOx@Ni3Sn2 composites, in which a lot of ultrafine NPs are 

stacked on the surfaces of the 3D substrate to form the nanoporous structure, as 

marked by black arrows. The inset of Fig. 2d further indicates these NPs have a 
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characteristic diameter range of 3-6 nm. The HRTEM image (Fig. 2e) demonstrates 

that these NPs are SnO2 and SnO. Specifically, the lattice fringes with interplanar 

spacings of 0.333 nm and 0.228 nm can be assigned to the (110) and (200) planes of 

the SnO2; and the counterparts of 0.271 nm, 0.187 nm and 0.380 nm can correspond 

to the (110), (200) and (100) planes of SnO [3,20-21]; and the counterparts of 0.210 

nm, 0.252 nm and 0.291 nm can be designated to the (110), (002) and (101) planes of 

Ni3Sn2, respectively [34-35]. Some clear boundaries among the Ni3Sn2 substrate, 

SnO2 and SnO NPs can be distinguished readily based on their different lattice 

orientations, as marked by white and yellow broken lines in Fig. 2e. The 

corresponding ring-like SAED patterns (Fig. 2f) can be indexed as the (110), (101) 

and (200) planes of SnO2 and the (110), (101) and (200) planes of SnO, demonstrating 

their nature of SnOx. The nitrogen adsorption-desorption isotherms have been further 

carried out to test the specific surface area and pore size distribution of the 3D-HP 

composites, as shown in Fig. S3. The Brunner-Emmet-Teller (BET) surface area of 

the 3D-HP composites is much high and can be determined to be 7.87 ± 0.1 m2 g-1. It 

is worth noting that this interesting configuration endows the 3D-HP SnOx@Ni3Sn2 

composites with higher specific surface area, which is beneficial for electrochemical 

energy storage applications. In addition, the mean mesoporous size can be identified 

to be 3.91 nm, which is comparable to the feature sizes of nanoporous channel walls 

built by ultrafine SnOx NPs in Fig. 2d. 

The formation mechanism of 3D-HP SnOx@Ni3Sn2 composites can be proposed 

briefly as follows. In the dealloying, the Ni atom on the surfaces of 3D-MP Ni3Sn2 
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alloy can be preferentially corroded into Ni2+ in the 5 wt.% HNO3 solution at 90℃ 

due to the higher standard electrode potential of Ni (-0.25 V vs. SHE) than that of Sn 

(-0.13 V vs. SHE), and then the exposed Sn atom with high energy state quickly reacts 

with the active oxygen (·O) in the solution to in-situ form into SnO2, while SnO is 

produced meanwhile by the disproportionation reaction of SnO2 and Sn at 90℃ in an 

acidic environment [36]. What’s more, these SnOx NPs continuously grow on the 

surfaces of 3D-MP Ni3Sn2 substrates and further stack into nanoporous structure in 

the process of second-step dealloying. 

3.2 Electrochemical properties 

The unique 3D-HP SnOx@Ni3Sn2 composites acting as a binder-free integrated 

anode for LIBs were further investigated to evaluate its Li storage performance. As is 

well-known, the typical electrochemical lithiation-delithiation processes of SnO and 

SnO2 electrode material include three main reaction steps as follows [10,37-38]: 

SnO2 + 4Li+ + 4e- → Sn + 2Li2O                        ( 1 ) 

SnO + 2Li+ + 2e- → Sn + Li2O                          ( 2 ) 

Sn + xLi+ + xe- ↔ LixSn ( 0 < x ≤ 4.4 )                    ( 3 ) 

Fig. 3 shows the Li storage performance of 3D-HP SnOx@Ni3Sn2 electrode. To 

reveal its Li storage mechanism, the CVs of 3D-HP SnOx@Ni3Sn2 electrode for the 

first three cycles in the potential window of 0.01-1.5 V (vs. Li/Li+) at a scan rate of 

0.1 mV s-1, as presented in Fig. 3a. In the first discharge process, there are four 

cathodic peaks at 1.125, 0.854, 0.316 and 0.096 V (vs. Li/Li+). The peaks of 1.125 and 

0.854 V (vs. Li/Li+) are relevant to the formation of a solid electrolyte interface (SEI) 
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from the decomposition of organic electrolyte on the electrode surfaces and the 

generation of both metallic Sn nanograins and amorphous Li2O through the reduction 

of SnOx, respectively [21,39]. The reduction peaks of 0.316 and 0.096 V (vs. Li/Li+) 

are related to the alloy reactions of Sn with Li to form LixSn (0 < x ≤ 4.4) [40-42]. 

The oxidation peaks observed around 0.154 and 0.608 V (vs. Li/Li+) during the first 

anodic scan were associated with the stepwise dealloying reactions of the LixSn alloy, 

and the counterpart at 1.239 V (vs. Li/Li+) is related to the decomposition of SEI films 

and the partial reversible transformation of Sn to SnOx [21,30-31]. Note that from the 

second cycle onwards, the oxidation peaks at 0.154 and 0.608 V (vs. Li/Li+) gradually 

strengthen, while the counterpart at 1.239 V (vs. Li/Li+) gradually decreases. This is 

mainly due to the activation of electrode during the first cycle by adequate permeation 

of organic electrolyte and gradual stabilization of SEI films [39,43]. 

Compared with the 3D-HP SnOx@Ni3Sn2 electrode, the CVs of 3D-MP Ni3Sn2 

electrode (Fig. 3b) show nearly no redox peaks can be observed in the corresponding 

positions, indicating the extremely limited capacity it can just contribute. The result 

confirms the feasibility and effectiveness of 3D-MP Ni3Sn2 alloy as both substrate and 

current collector. Fig. 3c depicts the voltage vs. capacity profiles of 3D-HP 

SnOx@Ni3Sn2 electrode from 0.01 to 1.5 V (vs. Li/Li+) at a current density of 1 mA 

cm-2 for the first three cycles. Clearly, the 1st discharge process delivers a large areal 

capacity of 5.10 mAh cm-2, and the 2nd and 3rd charge-discharge curves overlap well 

with eath other, indicative of its good electrochemical reversibility, which is in line 

with the results from CVs above. 
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Fig. 3d exhibits the galvanostatic charge-discharge curves of 3D-HP SnOx@Ni3Sn2 

electrode at a current density of 1 mA cm-2; meanwhile, the counterpart of 3D-MP 

Ni3Sn2 electrode was also tested under the same conditions. Clearly, both 3D-HP 

SnOx@Ni3Sn2 and 3D-MP Ni3Sn2 electrodes show reversible capacity decreases in 

the first several cycles and then tend to be stable. The initial coulombic efficiency of 

3D-HP SnOx@Ni3Sn2 electrode is 52.55%, which is closely related to the formation 

of SEI films consuming a mass of Li+ and the partial irreversible conversion of SnOx 

reacting with Li+. Note that the first reversible capacity of 3D-HP SnOx@Ni3Sn2 

electrode is 2.68 mAh cm-2, 22.3 times greater than that (just 0.12 mAh cm-2) of 

3D-MP Ni3Sn2 electrode. After 100 cycles, the 3D-HP SnOx@Ni3Sn2 still can deliver 

the reversible specific capacity of 2.28 mAh cm-2, maintaining capacity retention as 

high as 85.1% (just 0.004 mAh cm2 per cycle for capacity fading). More importantly, 

except for the first several cycles, the coulombic efficiency of 3D-HP SnOx@Ni3Sn2 

electrode is always over 98.4%, which are rarely seen in common Sn-based electrodes 

to the best of our knowledge [44-45]. This can be mainly ascribed to the intrinsic 

synergistic effect between chemically inert 3D microporous Ni3Sn2 substrate with 

robust mechanical stress buffer and in-situ growth of nanoporous SnOx with large 

specific surface area, which is favorable for avoiding the aggregation of SnOx NPs 

with high electrochemical active sites as well as enlarging the contact area between 

active materials and electrolyte, resulting in the significantly boosted Li storage 

capability and cycling stability. In addition, the cycle performance curve of 3D-HP 

SnOx@Ni3Sn2 electrode is converted from areal capacity to mass capacity for further 
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reference (Fig. S4), which still exhibits a quite competitive reversible capacity value 

(536.1 mAh g-1, detailed unit conversion can be found in the Note 1 of Supplementary 

material) at such a high areal density (ca. 5 mg cm-2) relative to its theoretical specific 

capacity (836 mAh g-1) at the cut-off potential of 0.01-1.5 V (vs. Li/Li+). A detailed 

comparison of Li storage performance of 3D-HP SnOx@Ni3Sn2 electrode with other 

Sn-based electrode materials reported in the recent literature has been listed clearly in 

Table S2. Obviously, higher areal capacity, better cycling stability and longer cycle 

life can be achieved well in the 3D-HP SnOx@Ni3Sn2 electrode. 

Rate capability of 3D-HP SnOx@Ni3Sn2 electrode were further investigated, as 

displayed in Fig. 3e, which is another important evaluation indicator for 

electrochemical performance of LIBs. It is clear that the relatively large reversible 

capacities of 2.47, 2.06, 1.59 and 0.80 mAh cm-2 can be obtained after every 11 cycles 

at current densities of 1, 2, 4 and 8 mA cm-2, respectively. When the current density 

reverts to 1 mA cm-2 again, the reversible capacity can quickly increase to 2.15 mAh 

cm-2, maintaining as high as 87.04% capacity retention relative to that of the 11th 

cycle at the same current density. The excellent rate performance can be ascribed to 

the following aspects: (1) the 3D microporous skeleton with large pore space makes 

the electrolyte fast immersion, facilitating active material to participate in the reaction 

fully; (2) nanoporous SnOx layer can offer short Li+ and electron migration distance; 

(3) the synergistic effect between them can accelerate charge transfer kinetics at the 

electrode/electrolyte and current collector/active material interfaces. 

In order to better understand the Li+ and electron transport processes, the Nyquist 
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plots of 3D-HP SnOx@Ni3Sn2 electrode before and after 100 cycles at 1 mA cm-2 

were measured, as shown in Fig. 3f. Both the Nyquist plots show a compressed 

semicircle in the medium-high frequency region and a sloped line in the low 

frequency region, in which the semicircle represents the charge transfer resistance (Rct) 

related to the electrochemical reactions occurring on electrode/electrolyte interfaces 

[32,46-47]. It is exciting that the Rct of 3D-HP SnOx@Ni3Sn2 electrode after 100 

cycles is ca. 140 Ω, just slightly larger than that before cycling (ca. 120 Ω), suggesting 

its excellent Li+ and electron transport abilities in the 3D-HP electrode. 

To verify the good structure durability, the microstructure of 3D-HP SnOx@Ni3Sn2 

electrode after 100 cycles is further characterized, as illustrated in Fig. 4. Clearly, the 

3D-HP electrode still remains a perfact 3D microporous structure feature without 

obvious structure damage or collapse after 100 charge-discharge cycles (Fig. 4a). The 

high-magnification SEM image in Fig. 4b further displays the distinct nanoporous 

structure can be observed on the surfaces of the 3D substrate and no obvious change 

takes place except for the slight smaller pore sizes after cycling. These results indicate 

that the 3D-HP SnOx@Ni3Sn2 electrode possesses good mechanical stability and 

bonding strength, which can effectively accommodate the huge structural strains and 

volume changes during repeated lithiation-delithiation processes. It is worth noting 

that the average pore size in nanoporous channel walls after cycling appears to be less 

than its original state, which is probably due to the residual organic electrolytes or 

related byproducts, such as decomposition products of electrolyte, the protective films 

formed on the electrode surface and some residual synthetic additives [24,48]. In 
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order to further quantify the pore size change after cycling, the nitrogen 

adsorption-desorption isotherms have been carried out to measure the pore size 

distribution of the 3D-HP electrode after 100 cycles, as displayed in Fig. S5. It is 

obvious that the BJH pore size distribution curve exhibits the two dV/dD peaks 

located at 2.86 and 3.88 nm respectively, and the peak at 2.86 nm is predominant. 

Compared to the single mean mesoporous size of 3.91 nm before cycling, this result 

further confirms the decrease of average pore size in nanoporous channel walls after 

cycling, which is in good agreement with the high-magnification SEM observations in 

Fig. 4b. 

4. Conclusions 

In summary, we developed a facile two-step dealloying route to in-situ synthesize 

freestanding 3D hierarchical porous SnOx-decorated Ni3Sn2 integrated electrode 

without additional binder and conductive agents, in which the active SnOx are 

composed of SnO and SnO2 nanoparticles with typical sizes of 3-6 nm. The 3D-HP 

SnOx@Ni3Sn2 can be fabricated by dealloying of the Sn-45Ni alloy in a 5 wt.% HF 

and 3 wt.% HNO3 mixed solution at 30℃ for 10 h firstly and then in a 5 wt.% HNO3 

solution at 90  for 5℃  h. The as-made products have a typical bimodal pore size 

distribution composed of a micron-sized ligament-channel structure with highly 

nanoporous channel walls. The unique 3D-HP electrode as an anode for LIBs display 

a significantly improved Li storage performance with first reversible capacity of 2.68 

mAh cm-2 and good cycling stability with 85.1% capacity retention and over 98.4% 

coulombic efficiency after 100 cycles. This is closely related to the synergistic effect 
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between chemically inert 3D microporous Ni3Sn2 substrate with robust mechanical 

stress buffer and good transfer mass channels and in-situ growth of nanoporous SnOx 

with large specific surface areas and high electrochemical active sites. We believe that 

the present work can offer a promising anode candidate toward advanced LIBs. 
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Figure Captions: 

Fig. 1. (a) The schematic diagram of preparation process of 3D-HP SnOx@Ni3Sn2 

composites. XRD patterns of (b) as-cast Sn-45Ni precursor alloy, 3D-MP Ni3Sn2 alloy 

and (c) 3D-HP SnOx@Ni3Sn2 composites. (d) XPS Survey spectrum of 3D-HP 

SnOx@Ni3Sn2 composites. High-resolution XPS spectra of (e) Ni 2p, (f) O 1s, (g) Sn 

3d for 3D-HP SnOx@Ni3Sn2 composites. 

Fig. 2. SEM images showing the microstructures of (a) 3D-MP Ni3Sn2 alloy and (b-c) 

3D-HP SnOx@Ni3Sn2 composites. The insets in parts a-c are the corresponding 

macroscopical digital pictures and high-magnification SEM images of selected 

regions marked by red dotted rectangles. (d) TEM image showing the surface 

micromorphology of 3D-HP SnOx@Ni3Sn2 composites. The inset in part d is the 

high-magnification image of some typical nanoparticles in the selected region marked 

by red dotted rectangle. (e) HRTEM image showing the different lattice fringes on the 

surfaces of the 3D composites. The white and yellow broken lines indicate the 

boundaries among the Ni3Sn2 substrate, SnO2 and SnO NPs. (f) Typical SAED 

patterns of SnOx NPs on the surfaces of the 3D composites. 

Fig. 3. (a) CVs of 3D-HP SnOx@Ni3Sn2 electrode for the first three cycles ranging 

from 0.01 to 1.5 V (vs. Li/Li+) at a scan rate of 0.1 mV s-1. (b) CVs of 3D-HP 

SnOx@Ni3Sn2 and 3D-MP Ni3Sn2 electrodes for the 2nd cycle ranging from 0.01 to 

1.5 V (vs. Li/Li+) at a scan rate of 0.1 mV s-1. (c) Voltage vs. capacity profiles of 

3D-HP SnOx@Ni3Sn2 electrode at a current density of 1 mA cm-2. (d) Cycle 

performance curves of 3D-HP SnOx@Ni3Sn2 and 3D-MP Ni3Sn2 electrodes at a 
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current density of 1 mA cm-2. (e) Rate capability profiles of 3D-HP SnOx@Ni3Sn2 

electrode at different current densities of 1, 2, 4 and 8 mA cm-2. (f) Nyquist plots of 

3D-HP SnOx@Ni3Sn2 electrode before and after 100 cycles. 

Fig. 4. SEM images of 3D-HP SnOx@Ni3Sn2 electrode after 100 charge-discharge 

cycles. 
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Fig. 1 (a) The schematic diagram of preparation process of 3D-HP SnOx@Ni3Sn2 

composites. XRD patterns of (b) as-cast Sn-45Ni precursor alloy, 3D-MP Ni3Sn2 alloy 

and (c) 3D-HP SnOx@Ni3Sn2 composites. (d) XPS Survey spectrum of 3D-HP 

SnOx@Ni3Sn2 composites. High-resolution XPS spectra of (e) Ni 2p, (f) O 1s, (g) Sn 

3d for 3D-HP SnOx@Ni3Sn2 composites. 
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Fig. 2. SEM images showing the microstructures of (a) 3D-MP Ni3Sn2 alloy and (b-c) 

3D-HP SnOx@Ni3Sn2 composites. The insets in parts a-c are the corresponding 

macroscopical digital pictures and high-magnification SEM images of selected 

regions marked by red dotted rectangles. (d) TEM image showing the surface 

micromorphology of 3D-HP SnOx@Ni3Sn2 composites. The inset in part d is the 

high-magnification image of some typical nanoparticles in the selected region marked 

by red dotted rectangle. (e) HRTEM image showing the different lattice fringes on the 

surfaces of the 3D composites. The white and yellow broken lines indicate the 

boundaries among the Ni3Sn2 substrate, SnO2 and SnO NPs. (f) Typical SAED 

patterns of SnOx NPs on the surfaces of the 3D composites. 
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Fig. 3. (a) CVs of 3D-HP SnOx@Ni3Sn2 electrode for the first three cycles ranging 

from 0.01 to 1.5 V (vs. Li/Li+) at a scan rate of 0.1 mV s-1. (b) CVs of 3D-HP 

SnOx@Ni3Sn2 and 3D-MP Ni3Sn2 electrodes for the 2nd cycle ranging from 0.01 to 

1.5 V (vs. Li/Li+) at a scan rate of 0.1 mV s-1. (c) Voltage vs. capacity profiles of 

3D-HP SnOx@Ni3Sn2 electrode at a current density of 1 mA cm-2. (d) Cycle 

performance curves of 3D-HP SnOx@Ni3Sn2 and 3D-MP Ni3Sn2 electrodes at a 

current density of 1 mA cm-2. (e) Rate capability profiles of 3D-HP SnOx@Ni3Sn2 

electrode at different current densities of 1, 2, 4 and 8 mA cm-2. (f) Nyquist plots of 

3D-HP SnOx@Ni3Sn2 electrode before and after 100 cycles. 
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Fig. 4. SEM images of 3D-HP SnOx@Ni3Sn2 electrode after 100 charge-discharge 

cycles. 
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