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Abstract 

In this report, a simple and effective low-temperature synthesis route has been 

proposed to smoothly achieve monodispersed tin nanoparticles upon monolithic 3D 

nanoporous copper (3D-NPC@MTNPs) from chemical dealloying of as-cast Al 45 

at.% Cu alloy sheets in the HCl solution, which exhibits superior Li storage property 

and ultralong cycle life as anode for lithium ion batteries (LIBs). The results show 

that the 3D-NPC@MTNPs composite can be made massively by electroless plating 

Sn on uniform NPC matrix with pore size of ca. 200 nm in an acidic plating bath 

below room temperature. Compared to the two dimensional copper foil supported tin 

thin films (2D-CF@TTFs), the 3D-NPC@MTNPs electrode displays the markedly 

higher first reversible capacity of 0.485 mAh cm-2 as well as superior cycling stability 

with 52.4% capacity retention and over 96.7% coulombic efficiency after 500 cycles. 

This can be largely ascribed to the synergistic effect of favorable monodispersity of 

Sn nanoparticles with ultrafine particle size and single crystal feature as well as 

unique 3D nanoporous electrode architecture with large specific surface area and good 

mass transfer channel, which facilitates the accommodation of mechanical strain, 

improvement of structural stability, enhancement of bonding force, and acceleration 

of mass transfer, indicative of a quite promising candidate as high-performance anode 

for LIBs. 

Keywords: Lithium ion battery; Electroless plating; monodispersion; Porous 

substrate; Li storage property 
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1. Introduction 

Even though lithium ion batteries (LIBs) have been extensively applied in portable 

electronic devices and hybrid/pure electric vehicles, it still urgently demands great 

efforts to ameliorate the performance of components inside, such as specific capacity, 

cycle life, coulombic efficiency, rate capability and so forth.1,2 As the commercial 

graphite anode material has nearly reached its theoretical limit (372 mAh g−1), it is 

great important to develop new anode materials with higher capacity, such as metal 

based anode materials.3,4 Tin, one of the most promising candidates, has attracted 

considerable attention due to its good electronic conductivity and high theoretical 

capacity (994 mAh g-1 for Li4.4Sn), three times greater than commercial graphite.5 

However, such material is known to suffer from dramatic severe volume change (over 

300% at its maximum) during lithiation-delithiation processes, which leads to quick 

cracking, pulverization and detachment of active material as well as fierce capacity 

degradation, thus hampering its further implementation in LIBs.6-11 

The current strategies to overcome the pulverization and structure failure mainly 

include reducing the feature size of active material,11-14 building active/inactive 

composite system,7,15-16 and adopting 3D nanostructured current collector.17,18 

Typically, compared to the conventional 2D planar structure, the 3D porous substrates, 

such as carbon paper,19 nickel network,20,21 copper mesh configuration,22,23 and metal 

cellular framworks,24 possess several prominent merits as follows: (1) offering 

high-efficient electron transport path and favorable conductive environment for active 

materials; (2) accommodating large volume change and mechanical strains during 
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lithiation-delithiation processes; (3) providing more mass transfer channels for 

electrolyte and involved diffusion species. 

Recently, nanoporous metals with quasiperiodic ligament/channel networks have 

been attempted to serve as both current collector and substrate of active materials for 

lithium ion battery anodes. For example, Yu et al. synthesized a 3D nanoporous gold 

(NPG) supported amorphous-Ge film anode with high specific capacity and good rate 

capability by dealloying and thermal evaporation.25 Obviously, the production cost of 

NPG and complexity of preparation technology are quite high and far from 

commercialization; meanwhile, it could be considered that the morphology, size and 

distribution of active materials also should have a key influence on its electrochemical 

behavior. All of these inspired us to develop a simple and effective strategy to control 

them on nanoporous substrates from less noble metal families, despite of difficulties 

in ideal dispersion of active materials on 3D base metal matrix with high surface 

energy relative to noble one. As we know, electroless deposition as a conventional 

surface treatment approach has been widely applied to various industrial fields due to 

its evident advantages of simplicity, low cost and being applicable for large-scale 

production; however, its drawback is the limited controllability in morphology and 

distribution except for coating with a certain thickness. 

Herein, we successfully achieve monodispersed tin nanoparticles with single crystal 

feature upon monolithic 3D nanoporous copper for lithium ion battery anodes without 

additional binder and conductive agents by skillful low-temperature electroless 

plating technique, which might be extended to use in production to make it 
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competitive in technology and economy. The freestanding 3D-NPC can be obtained 

readily by chemical dealloying of as-cast Al 45 at.% Cu alloy sheets in a diluted HCl 

solution, which can act as both current collector and substrate of tin simultaneously. 

Compared to the 2D-CF@TTFs, the 3D-NPC@MTNPs electrode displays the 

significantly improved first reversible capacity of 0.485 mAh cm-2 as well as excellent 

cycling stability with 52.4% capacity retention and over 96.7% coulombic effeciency 

after 500 cycles, which is likely associated with the synergistic effect between benign 

monodispersity of Sn nanoparticles with single crystal nature and unique 3D 

nanoporous electrode configuration with good mass transfer channel, suggesting a 

considerably promising application in high-performance LIBs. 

2 Experimental 

2.1. Preparation of 3D-NPC@MTNPs and 2D-CF@TTFs composites 

Al-Cu alloy with nominal composition of 45 at.% Cu was prepared from pure Al 

(99.99 wt.%) and pure Cu (99.999 wt.%). Voltaic arc heating was employed to melt 

the charges in a copper crucible under an argon atmosphere, and then the melt was 

cooled down into ingots in situ. The Al-Cu ingots were sliced into sheets with 400 μm 

in 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 

the atomic percentage of Cu and Al in the Al-Cu alloy sheets was quite closely to the 

designed composition, indicating the alloy sheets can be further used in the following 

study (see supplemental material for EDX results, Table S1). Afterwards, the Al-Cu 

alloy sheets were chemically dealloyed in a 5 wt.% HCl aqueous solution at 90℃ for 
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5 hrs. Upon dealloying, the samples were rinsed with distilled water and dehydrated 

alcohol for several times. The monolithic 3D-NPC was obtained after dried in a 

vacuum oven at 70℃ for 24 hrs. To further prepare the 3D-NPC@MTNPs, electroless 

deposition of Sn on NPC was conducted in a plating bath mainly containing 0.1 M 

SnSO4, 1 M thiourea, 0.5 M sodium hypophosphite and 0.85 M concentrated sulfuric 

acid at a low temperature (~5℃) for a relatively short time in order to control the 

nucleation and growth processes of Sn on NPC. The typical deposition time ranges 

from 5 to 10 s. The preparation flow of the 3D-NPC@MTNPs was illustrated 

schematically in Fig. 1. For comparison, the 2D-CF@TTFs composite also was 

fabricated by electroless deposition onto 2D copper foil (2D-CF) substrate under the 

same conditions. Note that all areas in this work referred to foot print areas and all 

used chemical reagents were analytical grade. 

2.2. Microstructure and composition characterization 

Microstructural characterization and analysis of the initial Al-Cu alloy, as-prepared 

porous substrate and composite were performed using X-ray diffraction (XRD, 

Rigaku D/Max-2400) with Cu K radiation, scanning electron microscopy (FESEM, 

Hitachi S-4800) with an EDX analyzer, transmission electron microscopy (TEM, 

JEOL JEM 2100F). 

2.3. Electrochemical test 

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

cells (CR2032) assembled with the as-prepared 3D/2D composites, lithium foil and 

Celgard 2400 membrane in an Ar-filled glove box (LS-750D, DELLIX). Electrolyte 
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was 1M LiPF6 in a mixed solution of EC and DEC (1:1 by v/v). Each half-cell was 

aged for 24 hrs at room temperature before commencing the electrochemical tests. 

The galvanostatic charge-discharge measurements were carried out in 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+) at ambient temperature. Cyclic 

voltammograms (CVs) was recorded using a CHI760E 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. 

The lithium ion full cell were assembled further by using the as-prepared 

3D-NPC@MTNPs electrode without additional binder and conductive agents as 

anode and the conventional LiCoO2 electrode as cathode, which was prepared by 

casting the slurry of 80 wt.% commercial LiCoO2 power, 10 wt% polyvinylidene 

difluoride (PVDF) and 10 wt.% carbon black in N-Methyl-2-pyrrolidone (NMP) 

solvent on aluminium foil and then drying in a vacuum oven at 75℃ for 12 hrs. 

CR-2032 coin-type test cells were assembled in an Ar-filled glove box (H2O<0.1 ppm, 

O2<0.1 ppm; LS-750D, DELLIX). Celgard 2400 microporous poly-propylene film 

was used as the separator membrane and 1 M LiPF6 was dissolved in a mixed solution 

of EC and DEC in a volume ratio of 1:1 as the electrolyte. The electrochemical 

performance of the assembled full cells was tested on a multichannel battery test 

system (NEWARE BTS-610, Neware Technology Co., Ltd., China) at a voltage range 

of 1.0-3.8 V after aging for 24 hrs at room temperature. 
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3. Results and discussion 

Fig. S1 shows the XRD pattern of the initial Al 45 at.% Cu alloy sheets. It is clear 

that the initial alloy is composed of Al2Cu and AlCu phases, in which the AlCu is 

predominant in the alloy based on their relative peak intensities. Fig. 2 displays the 

XRD patterns of the as-dealloyed sample and related composite upon low-temperature 

electroless plating tin, respectively. As can be seen from Fig. 2a, only a face-centered 

cubic (f.c.c.) Cu phase can be identified in the as-dealloyed samples under the X-ray 

detection limit. After the electroless deposition, it can be found that there exist two 

phases involving the original f.c.c. Cu as well as deposited tetragonal -Sn. Similarly, 

the f.c.c. Cu and -Sn phases also can be detected simultaneously in the resultant 

2D-CF@TTFs composite by electroless plating tin onto 2D-CF substrate under the 

same conditions (Fig. S2). Note that the minor Cu6Sn5 appears in the XRD pattern 

probably due to the interaction between Cu and Sn atoms at their interfaces caused by 

diffusion. The present outcomes clearly indicate that tin has been successfully loaded 

onto the as-dealloyed 3D-NPC and 2D-CF substrates by low-temperature electroless 

deposition. 

The plane view of the as-dealloyed samples from Al 45 at.% Cu alloy shows a 

uniform porous structure upon dealloying in the acidic solution and one typical SEM 

image is presented in Fig. 3a. The surface micromorphology at a higher magnification 

exhibits an open, bicontinuous interpenetrating network structure with dramatically 

larger ligament sizes of ca. 500 nm as compared to the pore dimensions (ca. 200 nm, 

Fig. 3b), which could be greatly beneficial for follow-up deposition of active material 
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and its controllability in morphology and dispersity. The EDX result shows only Cu 

can be identified and nearly all of Al was etched away during dealloying by the acidic 

solution (inset of Fig. 3a). Intriguingly, NPG substrate by dealloying of prototypical 

Ag-Au alloys normally contains some residual at.% Ag, which cannot be removed but 

asymptotically reaches a limit at quite long etching times (up to 100 hrs).26,27 

Fig. 3c-d displays the typical SEM images of 3D composite after low-temperature 

electroless plating tin on 3D-NPC substrate. Obviously, ultrafine tin nanoparticles just 

with several nm in diameter dispersed on the ligaments of NPC uniformly; meanwhile, 

an open, bicontinuous interpenetrating porous network morphology, quite similar to 

the original 3D-NPC, can be well preserved in the resultant composite after the 

electroless deposition. Additionally, EDX analysis has been carried out on the 

composite, and compared to that of 3D-NPC substrate, Sn and Cu can be detected 

simultaneously in the 3D composite, implying tin has been deposited successfully on 

NPC substrate. For comparison, tin also has been loaded on the 2D-CF substrate 

under the similar condition and uniform tin thin films with typical thickness of ca. 4 

μm can be observed clearly after the electroless plating, as illustrated in Fig. 3e and 

Fig. S2. It should be noted, however, that the high-magnification SEM image (Fig. 3f) 

exhibits that the tin thin films still comprising the large number of compactly stacking 

nanoparticles with characteristic sizes of 250±50 nm, just greater than those in the 

3D composite. It is worthwhile noting that the present findings are quite different 

from smooth tin coatings or significantly large tin particles obtained usually under 

similar deposition conditions at the typical industrial deposition temperature of room 
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temperature (or higher) in the previous literature.28-31 As a result, we can conclude that 

the morphology, size and dispersity of Sn can be adjusted and controlled effectively 

by changing its kinetic nucleation and growth processes via the simple 

low-temperature electroless deposition. 

TEM observation further verifies the favorable dispersity of Sn on NPC substrate, 

which is well consistent with the SEM results and a typical TEM bright-field image is 

displayed in Fig. 3g. Clearly, the monodispersed Sn nanoparticles with feature sizes of 

6±2 nm can be observed on the ligaments of NPC after the electroless deposition, 

resulting in the formation of ideal 3D-NPC@MTNPs composite. It is worth noting 

that the smaller particle size and more uniform dispersity can be obtained easily in the 

3D-NPC@MTNPs composite compared with that in the 2D-CF@TTFs one, which is 

likely related to the large specific surface area and unique surface microenvironment 

(curvature, roughness and unsaturated bond) of 3D-NPC substrate. Moreover, the 

HRTEM observation shows different lattice fringes with interplanar spacings of 0.292 

nm and 0.209 nm, assigning to the (200) reflection of Sn phase and the (111) 

reflection of Cu phase, respectively. A clear boundary between Cu substrate and Sn 

nanoparticles can be distinguished readily based on their different lattice orientations, 

as marked by broken line in Fig. 3h. Note that the lattice fringes from Sn extending 

throughout the whole nanoparticle indicate its single crystal nature. Due to the 

temperature-dependent thermal activation process and insufficient reaction time, the 

nucleation and growth of Sn on the 3D-NPC substrate can be managed skillfully. This 

probably is why tin can be deposited in the form of single-crystal nanoparticles rather 
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than smooth thin films by the electroless plating at the low temperature in this work. 

Subsequently, the as-synthesized unique 3D-NPC@MTNPs composite was further 

attempted to act as a binder-free anode for LIBs to evaluate its superiority in energy 

storage device. For the typical Sn-based electrode, as well-known, the electrochemical 

lithiation/delithiation processes mainly include two reaction steps as follows:32-34 

 
SnLixexLiSn x   ( discharge4.40 ， x )                 (1) 

    
  xexLiSnSnLix  ( charge4.40 ， x )                   (2) 

To specify the lithium storage mechanism of 3D-NPC@MTNPs electrode, the first 

three-cycle CVs were recorded at the voltage range of 0.01-1.5 V (vs. Li/Li+) at a scan 

rate of 0.1 mV s-1, as depicted in Fig. 4a. Clearly, in the first discharge process, there 

are two anodic peaks centered at 1.45 V and 0.2 V (vs. Li/Li+), sequentially assigned 

to the formation of solid electrolyte interface (SEI) from the decomposition of organic 

electrolyte on the electrode surfaces, as well as the electrochemical alloying process 

of Sn indicated by Eq. (1).30,35 Note that the typical SEI formed in the first lithiation 

process is a stable passivating layer over the electrode surfaces, and thus the 

corresponding electrochemical reaction is irreversible.32,36 That means that the anodic 

peak at 1.45 V (vs. Li/Li+) would no longer appear after the 1st cycle. Meanwhile, the 

two cathodic peaks centered at 0.78 V and 1.31 V (vs. Li/Li+) in the first charge 

process can be observed respectively, which is mainly ascribed to the step-by-step 

electrochemical dealloying processes related to disassembly of LixSn  4.40  x  

alloy as described by Eq. (2). Additionally, it should be noted that the CV curve in the 

second cycle is nearly overlapped with the third one, indicating its excellent 
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electrochemical reversibility after the 1st cycle. 

Fig. 4b shows the voltage vs. capacity profiles of 3D-NPC@MTNPs electrode 

ranging from 0.01 to 1.5 V (vs. Li/Li+) at a current density of 0.1 mA cm-2. As can be 

seen clearly, the 1st, 2nd and 3rd charge processes delivered the large reversible 

capacities of 0.485, 0.420 and 0.399 mAh cm-2, respectively, with relatively high 

capacity retentions of 86.6% and 82.3%, implying its good structure stability during 

the lithiation-delithiation processes. Moreover, the difference between discharge and 

charge specific capacities is only 0.086 and 0.051 mAh cm-2 for the 2nd and 3rd cycles, 

indicative of its excellent electrochemical reversibility. Note that the 3rd discharge and 

charge curves overlapped well with those in the 2nd cycle, which is in good line with 

the CVs in Fig. 4a. 

Fig. 4c exhibits the galvanostatic charge-discharge curve of 3D-NPC@MTNPs 

electrode at a current density of 0.1 mA cm-2; for comparison, the counterpart of 

2D-CF@TTFs electrode also was tested under the same condition. Evidently, both the 

3D and 2D electrodes manifest an initial capacity decline in the first several cycles, 

which is closely related to the formation of SEI films consuming a mass of Li+ and the 

partial irreversible conversion of Sn reacting with Li+.31 It should be noted, however, 

that compared to the continuous and fierce capacity decay of 2D-CF@TTFs electrode, 

the 3D-NPC@MTNPs electrode displays superior cycling stability and ultralong 

cycle life with 52.4% capacity retention after 500 cycles. Except for the first several 

cycles, its coulombic efficiency is always beyond 96.7%, which is, to the best of our 

knowledge, rarely seen for common LiM electrodes.37,38 Impressively, the 3D porous 
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electrode delivers the much higher reversible capacities of 0.325, 0.259 and 0.256 

mAh cm-2 than the 2D planar electrode (0.247, 0.097 and 0.056 mAh cm-2) at the 10th, 

100th and 250th cycle, respectively. Even after 500 charge-discharge cycles, a 

relatively high charge specific capacity of 0.254 mAh cm-2 still can be reached, 

approximately 5 times greater than that of the 2D electrode with just 13.8% capacity 

retention after 250 cycles. The fast capacity loss of 2D-CF@TTFs electrode is mainly 

associated with the compactly layered stacking of Sn nanoparticles on the 2D planar 

substrate, which readily gives rise to the inadequate buffering of mechanical strain 

and even rapid detachment of active material during repeated lithiation-delithiation 

processes. In addition, we give a detailed comparison of lithium storage properties of 

the 3D-NPC@MTNPs electrode with other Sn-based electrode materials reported in 

the recent literature, as listed clearly in Table S2. Obviously, the markedly improved 

cycling stability and prolonged cycle life can be achieved smoothly in the 

3D-NPC@MTNPs electrode. 

Fig. 4d further illustrates the rate capability of 3D-NPC@MTNPs electrode, which 

is another important evaluation indicator for electrochemical performance of LIBs. As 

indicated expressly, the relatively large reversible capacities of 0.485, 0.391, 0.317 

and 0.246 mAh cm-2 can be obtained after each 10 cycles at the current densities of 

0.1, 0.2, 0.4 and 0.8 mA cm-2, respectively. When the current density reverted to 0.1 

mA cm-2 again, the reversible capacity enhanced to 0.4 mAh cm-2, maintaining as high 

as ca. 82.5% capacity retention relative to that of the 10th cycle at the same current 

density. Note that after enduring a series of high-rate lithiation-delithiation processes, 
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the reversible capacity still can reach 0.324 mAh cm-2 after 200 cycles, suggesting its 

outstanding rate capability. This can mainly put down to the intrinsic synergistic effect 

between unique 3D porous electrode configuration and good monodispersity of Sn 

nanoparticles that offers the essential benefits towards the ion and electron transport 

kinetics at the electrode/electrolyte and current collector/active material interfaces in 

LIBs, which will be discussed further based on EIS results in the following section. 

In order to better understand the Li+ and electron transport processes, the Nyquist 

plots of 3D-NPC@MTNPs and 2D-CF@TTFs electrodes before and after cyclings 

were measured, as depicted in Fig. 4e-f. Obviously, all Nyquist plots are composed of 

a compressed semicircle in the high-medium frequency region and an oblique line in 

the low frequency region. As well-known, the semicircle of high-medium frequency 

represents the charge transfer resistance (Rct) associated with the electrochemical 

reactions occurring on electrode/electrolyte interfaces, while the oblique line of low 

frequency is closely related to the Li+ diffusion coeffcient in electrode materials.39 It is 

clear that the 3D-NPC@MTNPs electrode possesses significantly lower Rct (ca. 65 Ω) 

in the pristine state than that of 2D-CF@TTFs electrode (ca. 300 Ω), implying its 

excellent electronic conductivity. Exhilaratingly, the Rct of 3D-NPC@MTNPs 

electrode after 500 long-cycles can be identified to be ca. 105 Ω, slightly greater than 

its original value but far lower than that of 2D-CF@TTFs electrode just after 250 

cycles (above 800 Ω), indicating the much better Li+ and electron transport abilities in 

the 3D-NPC@MTNPs electrode. The fitting curves and equivalent circuits of EIS 

results of 3D-NPC@MTNPs and 2D-CF@TTFs electrodes after cyclings have been 
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carried out further, as presented in Fig. S3. As can be seen clearly, the Rct of 3D-HP 

Sn-Ni electrode can be determined to be 106 Ω after 500 long-cycles, which is far 

lower than that of 2D-CF@TTFs electrode after 250 cycles (821 Ω). The present 

results clearly demonstrate that the unique architecture design (including bicontinuous 

3D porous substrate, uniform distribution of Sn nanoparticles and good bonding force 

between them by chemical deposition) of 3D-NPC@MTNPs electrode is considerably 

beneficial to rapid Li+ diffusion, electron transport and electrode/electrolyte 

wettability. 

To further reveal the failure mechanisms of 3D-NPC@MTNPs and 2D-CF@TTFs 

electrodes, microstructure and surface micromorphology of the 3D and 2D electrodes 

after cyclings were examined, as shown in Fig. 5. For the 3D-NPC@MTNPs 

electrode, no severe structure damage and obvious detachment of active material can 

be observed from the electrode surfaces after 500 charge-discharge cycles, indicating 

the 3D porous electrode possesses good mechanical stability and bonding strength, 

which can effectively accommodate the huge structural strains and volume changes 

during repeated lithiation-delithiation processes. Note that the mean sizes of pores 

after cyclings seem to be smaller than their original state probably originating from 

residual organic electrolytes or related bi-products, which mainly are composed of the 

decomposition products of electrolyte with formation of protective films on the 

electrode surfaces and the reduction of some residual synthesis additives.40 Moreover, 

the accumulative partial delithiation during cyclings can give rise to gradually 

coarsening of Sn nanoparticles and local shut down of porous window, preventing the 
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penetration of electrolyte and further reaction with tin inside, thus resulting in the 

gradual loss of capacity and slight fading of cycling performation. In contrast, the 

2D-CF@TTFs electrode is subjected to severe structure collapse and ruin including 

extensive cracking and large-area detachment of tin just after 250 cyclic volume 

changes, as presented in Fig. 5c. The high-magnification SEM image further exhibits 

that except for the uneven cracks and pits, many irregular microclusters composed of 

varisized nanoparticles and nanoflakes can be seen clearly in Fig. 5d, which is in close 

connection with the rapid pulverization of tin caused by huge volume variation and 

insufficient structure cushion during repetitive charge-discharge processes. It is worth 

noting that the microstructure and surface micromorphology of the 2D planar 

electrode after cyclings have a significant difference from its initial state shown in Fig. 

3e-f. Especially, the drastic reduction of tin content after cyclings clearly 

demonstrates the 2D planar substrate cannot accommodate the huge volume and 

structure variations effectively during repetitive lithiation-delithiation processes, 

eventually leading to the dreadful electrochemical properties. 

Herein, the 3D-NPC@MTNPs//LiCoO2 lithium ion full cell was assembled further 

by using the synthesized 3D porous composite as anode and commercial LiCoO2 as 

cathode to effectively demonstrate its superiority for the practical application of LIBs. 

As indicated in Fig. 6, the electrochemcial properties of 3D-NPC@MTNPs//LiCoO2 

full cell were measured in the voltage range of 1.0-3.8 V. Fig. 6a shows the voltage vs. 

capacity profiles of 3D-NPC@MTNPs//LiCoO2 full cell at a current density of 0.1 

mA cm-2. Clearly, the 1st, 2nd and 3rd discharge processes (Li+ migration from 
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3D-NPC@MTNPs to LiCoO2) delivered the relatively large reversible capacities of 

1.111, 1.224 and 1.293 mAh cm-2, respectively. Note that the discharge specific 

capacity increases slightly from the 1st to 3rd cycle primarily due to the occurrence of 

electrode activation in the initial several cycles from the full permeation of electrolyte 

into the 3D nanostructured electrode. Moreover, the charge capacity curve of 2nd cycle 

overlapped well with that of the 3rd cycle, suggesting the good electrochemical 

reversibility. Fig. 6b exhibits the cycle performance of 3D-NPC@MTNPs//LiCoO2 

full cell at a current density of 0.1 mA cm-2. Similarly, a slight increase for reversible 

capacity can be observed in the first three cycles. After the short activation processes, 

the 3D-NPC@MTNPs//LiCoO2 full cell displayed the good cycling stability and long 

cycle life with 94.9% capacity retention after 50 cycles, indicating its excellent ability 

in charge-discharge cycling. Excitingly, a high discharge capacity of 0.815 mAh cm-2 

still can be reached after 100 cycles, maintaining as high as 73.4% capacity retention. 

Typically, a digital image of the light-emitting-diode lightened by the assembled full 

cell with full-charged state after 100 cycles was presented further in the inset in Fig. 

6b, clearly demonstrating the favorable availability of 3D-NPC@MTNPs composite 

towards household/industrial microelectronic devices. 

Compared to the 2D-CF@TTFs, the excellent electrochemical performance of the 

3D-NPC@MTNPs electrode demonstrates the inherent merits of synergistic effect 

between unique 3D porous electrode architecture inherited from current collector by 

dealloying and favorable monodispersity of single-crystal Sn nanoparticles through 

low-temperature chemical deposition, which can be rationalized detailedly as follows: 
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(1) The 3D nanoporous structure with large specific surface area can reduce Li+ 

diffusion length remarkably between electrode and electrolyte. (2) The unique 

electrode architecture with open, bicontinuous interpenetrating porous network can 

provide high-efficient electron transport pathways.21,41 (3) The adequate room 

amongst tin nanoparticles can accommodate huge volume change during repeated 

charge-discharge processes.42,43 (4) The tin nanoparticles with good monodispersity 

and ultrafine particle size can offer more active sites reacting with Li+ in the 

electrolyte and meanwhile bring about smaller mechanical strain associated with 

volume expansion during lithiation reactions.44 (5) The good binding force between 

active material and current collector by chemical deposition can effectively prevent 

active material from cracking, pulverization and rapid detachment from current 

collector, resulting in the good structure stability. (6) The use of no additional binders 

and conductive agents can further improve the energy and power densities as it is 

assembled into full cells. Besides, the electroless plating technique possesses the 

evident advantages of simplicity, low cost and being applicable for large-scale 

synthesis, which might be used in production to make it competitive in technology 

and economy in the near future. Thus, we believe that this present work provides an 

expected possibility towards the practical application of metal based anode materials 

with high theoretical capacity in LIBs. 

4. Conclusions 

In summary, we develop a facile low-temperature synthesis protocol to construct 

the monolithic 3D nanoporous copper-supported monodispersed tin nanoparticles 
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without additional binder and conductive agents, in which active tin particles possess 

the typical sizes of 6±2 nm and single crystal nature. The freestanding 3D-NPC with 

pore sizes of ca. 200 nm, acting as both current collector and substrate of tin, can be 

obtained easily by chemical dealloying of as-cast Al 45 at.% Cu alloy sheets in a 

diluted acidic solution at an elevated temperature. The 3D-NPC@MTNPs composite 

can be fabricated massively by electroless plating Sn on the 3D-NPC substrate in an 

acidic plating bath at the low temperature. Compared to the 2D-CF@TTFs, the 

3D-NPC@MTNPs composite as anode for LIBs exhibits the markedly higher first 

reversible capacity of 0.485 mAh cm-2 as well as excellent cycling stability with 

52.4% capacity retention and > 96.7% coulombic efficiency upon 500 cycles, which 

can be mainly attributed to the synergistic effect between unique 3D nanoporous 

electrode configuration and benign monodispersity of single-crystal Sn nanoparticles 

facilitating the alleviation of volume change and mechanical strain, improvement of 

structural integrity and stability, enhancement of active sites and bonding force, 

optimization of ion and electron migration paths, suggesting a considerably promising 

application in high-performance LIBs. 
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Figure Captions 

Figure 1. The schematic illustration showing the preparation process of the 

freestanding 3D-NPC@MTNPs composite. 

Figure 2. XRD patterns of (a) 3D-NPC substrate by chemical dealloying of the Al-Cu 

alloy in the HCl solution, 3D-NPC@MTNPs composite after electroless plating tin on 

the 3D-NPC substrate at the low temperature, and (b) 2D-CF@TTFs composite after 

electroless plating tin on the 2D-CF substrate at the low temperature. 

Figure 3. SEM images showing the microstructures of (a,b) 3D-NPC substrate by 

chemical dealloying of the Al 45 at.% Cu alloy sheets in the 5 wt.% HCl solution at 

90℃ for 5 hrs, (c,d) 3D-NPC@MTNPs and (e,f) 2D-CF@TTFs composites after 

electroless plating tin at the low temperature, in which parts b, d and f are the 

high-magnification images. Insets of parts a, c and e are the corresponding chemcial 

compositions. (g) TEM image shows the surface micromorphology of 

3D-NPC@MTNPs composite after the electroless plating tin. (h) HRTEM image 

shows the different lattice fringes on the ligament surface corresponding to NPC 

substrate and Sn nanoparticle, respectively. Broken line indicates the boundary 

between NPC substrate and Sn nanoparticles. 

Figure 4. (a) CVs of 3D-NPC@MTNPs 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) Voltage vs. capacity 

profiles of 3D-NPC@MTNPs electrode at a current density of 0.1 mA cm-2. (c) Cycle 

performance curves of 3D-NPC@MTNPs and 2D-CF@TTFs electrodes at a current 

density of 0.1 mA cm-2. (d) Rate capability profiles of 3D-NPC@MTNPs electrode at 
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different current densities of 0.1, 0.2, 0.4, 0.8 mA cm-2. (e-f) Nyquist plots of 

3D-NPC@MTNPs and 2D-CF@TTFs electrodes before and after cyclings. The insets 

in parts e and f display the corresponding high frequency zones at a higher 

magnification. 

Figure 5. SEM images showing the microstructures of (a,b) 3D-NPC@MTNPs 

electrode after 500 charge-discharge cycles and (c,d) 2D-CF@TTFs electrode after 

250 charge-discharge cycles. Insets of parts a and c are the corresponding chemcial 

compositions. 

Figure 6. (a) Voltage vs. capacity profiles of 3D-NPC@MTNPs//LiCoO2 full cell at a 

current density of 0.1 mA cm-2; (b) Cycle performance curves of 

3D-NPC@MTNPs//LiCoO2 full cell at a current density of 0.1 mA cm-2, in which the 

inset shows a digital image of the light-emitting-diode lightened by the assembled full 

cell with full-charged state after 100 cycles. 
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Figure 2. XRD patterns of (a) 3D-NPC substrate by chemical dealloying of the Al-Cu 

alloy in the HCl solution, 3D-NPC@MTNPs composite after electroless plating tin on 

the 3D-NPC substrate at the low temperature, and (b) 2D-CF@TTFs composite after 

electroless plating tin on the 2D-CF substrate at the low temperature. 
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Figure 3. SEM images showing the microstructures of (a,b) 3D-NPC substrate by 

chemical dealloying of the Al 45 at.% Cu alloy sheets in the 5 wt.% HCl solution at 

90℃ for 5 hrs, (c,d) 3D-NPC@MTNPs and (e,f) 2D-CF@TTFs composites after 

electroless plating tin at the low temperature, in which parts b, d and f are the 

high-magnification images. Insets of parts a, c and e are the corresponding chemcial 

compositions. (g) TEM image shows the surface micromorphology of 

3D-NPC@MTNPs composite after the electroless plating tin. (h) HRTEM image 

shows the different lattice fringes on the ligament surface corresponding to NPC 

substrate and Sn nanoparticle, respectively. Broken line indicates the boundary 

between NPC substrate and Sn nanoparticles. 
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Figure 4. (a) CVs of 3D-NPC@MTNPs 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) Voltage vs. capacity 

profiles of 3D-NPC@MTNPs electrode at a current density of 0.1 mA cm-2. (c) Cycle 

performance curves of 3D-NPC@MTNPs and 2D-CF@TTFs electrodes at a current 

density of 0.1 mA cm-2. (d) Rate capability profiles of 3D-NPC@MTNPs electrode at 

different current densities of 0.1, 0.2, 0.4, 0.8 mA cm-2. (e-f) Nyquist plots of 

3D-NPC@MTNPs and 2D-CF@TTFs electrodes before and after cyclings. The insets 

in parts e and f display the corresponding high frequency zones at a higher 

magnification. 
 

 

 

 

 

 

 

0 50 100 150 200 250 300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

 3D-NPC@MTNPs Charge Capacity
 3D-NPC@MTNPs Discharge Capacity
 3D-NPC@MTNPs Coulombic Efficiency
 2D-CF@TTFs Charge Capacity
 2D-CF@TTFs Discharge Capacity
 2D-CF@TTFs Coulombic Efficiency

0

20

40

60

80

100

C
ou

lo
m

bi
c 

E
ff

ic
ie

nc
y 

(%
)

S
pe

ci
fi

c 
C

ap
ac

it
y 

(m
A

h/
cm

2 )

Cycle Number

 

0 20 40 60 80 100 120 140 160 180 200
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

C
ou

lo
m

bi
c 

E
ff

ic
ie

nc
y 

(%
)

 

 
0.1 mA/cm

20.8 mA/cm
2

0.4 mA/cm
2

0.2 mA/cm
2

0.1 mA/cm
2

S
pe

ci
fi

c 
C

ap
ac

it
y 

(m
A

h/
cm

2
)

 Charge Specific Capacity
 Disharge Specific Capacity
 Coulombic Efficiency

Cycle Number

0

20

40

60

80

100

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

 

 

C
u

rr
en

t 
(m

A
)

Potential (V vs.Li/Li
+
)

 1st Discharge
 1st Charge
 2nd Discharge
 2nd Charge
 3rd Discharge
 3rd Charge

1.45V

1.28V 1.31V
0.78V

0.33V

0.32V

 

 

0.2V

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4
(b) (a) 

(c)  

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.3

0.6

0.9

1.2

1.5

1.8

 Specific Capacity (mAh/cm
2
)

Po
te

nt
ia

l 
(V

 v
s.

L
i/

L
i+

)

 1st Charge
 2nd Discharge
 2nd Charge
 3rd Discharge
 3rd Charge

(d) 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

 

 

Z' (ohm)

-Z
" 

(o
hm

)

Z' (ohm)

 2D-CF@TTFs before cycling
 2D-CF@TTFs after 250 cycles

-Z
" 

(o
hm

)

0 150 300 450 600 750
0

60

120

180

240

300

360

 

 

 

 

 

(e) (f) 

0 70 140 210 280 350 420 490 560 630 700

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

 

 

 3D-NPC@MTNPs before cycling
 3D-NPC@MTNPs after 500 cycles

-Z
" 

(o
h

m
)

Z' (ohm)

-Z
" 

(o
hm

)

Z' (ohm)

 

0 30 60 90 120 150 180
0

15

30

45

60

 

 

 



 31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. SEM images showing the microstructures of (a,b) 3D-NPC@MTNPs 

electrode after 500 charge-discharge cycles and (c,d) 2D-CF@TTFs electrode after 

250 charge-discharge cycles. Insets of parts a and c are the corresponding chemcial 

compositions. 
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Figure 6. (a) Voltage vs. capacity profiles of 3D-NPC@MTNPs//LiCoO2 full cell at a 

current density of 0.1 mA cm-2; (b) Cycle performance curves of 

3D-NPC@MTNPs//LiCoO2 full cell at a current density of 0.1 mA cm-2, in which the 

inset shows a digital image of the light-emitting-diode lightened by the assembled full 

cell with full-charged state after 100 cycles. 
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