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Developing efficient electrodes with superior rate performance and superb cyclability 

are highly desired for meeting urgent demand of high-energy and large-rate lithium 

ion batteries (LIBs). Electrochemical performance of popular transition metal oxide 

electrodes is severely restricted by its inferior structure stability and low conductivity, 

leading to rapid capacity fade at high current density or deep cycling. Herein, a unique 

3D core-bishell (3D-CBS) nanoporous electrode with configuration of Cu (NPC) core 

and bi-layered conformal Cu2O@PANI shells was dedicatedly designed and built by a 

novel and cost-effective approach combining chemical dealloying with controlled 

electro-polymerization. The 3D-CBS nanoporous electrodes deliver a large reversible 

capacity of 349 mAh g-1 at 6000 mA g-1 after 11500 ultralong-cycles with 76% 

capacity retention, corresponding to only 0.002% capacity fade per cycle. The superb 

cyclability is related to the unique 3D-CBS electrode design and in-situ formation of 

Cu2O with exposed most Cu+ (Cu+/O2-=4/1) and low-energy (111) crystal plane (0.046 

eV/Å2) on NPC matrix, as confirmed by physicochemical characterization and DFT 

calculation. Impressively, the 3D-CBS electrode displays superior rate capability with 

negligible capacity fade after 5 multistep-rate periods from 2 up to 20 A g-1 and back 

again to 2 A g-1 repeatedly (over 400 cycles), which is ascribed to the conformal 

coating of PANI as protective nanolayers with good conductivity on Cu2O, achieving 

ultrafast Li+ diffusivity (DLi=2.42×10-10 cm2 s-1) and significantly improved electron 

conductivity (82000 S m-1). We believe that this work provides novel insights for 

design and synthesis of ultrahigh-rate and ultralong-life nanostructured anodes toward 

advanced LIBs. 
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1. Introduction 

Nowadays, the rapid development of mobile communication, hybrid/pure electric 

vehicles, and smart power grids evokes increasingly high demands toward high 

energy density and large rate lithium ion batteries (LIBs) [1,2]. However, graphite, as 

the most widely used commercial LIB anode material, is far too long to meet these 

demands due to its limited theoretical specific capacity (372 mAh g-1) and relatively 

poor safety [3,4]. Thus, exploring and developing new cost-effective anode material 

with superb cyclability and excellent large rate performance is key to achieve new 

generation LIBs. 

In 2000, Tarascon et al. firstly reported transition metal oxides (TMOs) as anode 

material for LIBs, exhibiting quite promising electrochemical performance [5]. Since 

then, numerous researches strived for substituting TMOs anode for graphite in 

commercial LIBs [6-10]. Unfortunately, until now, some inherent drawbacks of TMOs, 

such as large volume/structure variations [11-13], poor electron conductivity [14-16] 

and low coulombic efficiency, still cannot be well-solved and thus severely impeded 

their future applications [17-20]. 

To tackle these issues, some effective approaches have been proposed and 

employed in the past few years. Typically, designing nanostructured TMOs with large 

specific surface area and short mass transfer distance can effectively improve Li+ 

migration kinetics and electrochemical reaction activity [21-23]. Among them, 3D 

nanoporous architecture has attracted great attention in LIBs because of enlarged 

contact surface area between electrode and electrolyte, shortened ion/electron 
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migration lengths as well as boosted porosity for loading of active material [21,24-27]. 

Especially, nanoporous metals (NPMs) have been investigated to serve as both 

substrates and/or current collectors of TMOs for high-performance LIBs, exhibiting 

superior electrochemical durability owing to effective accommodation for volume 

change by ample nanovoids and adequate buffering of mechanical strain by robust 3D 

porous skeleton [28-29]. The NPMs with different surface morphologies, pore sizes 

and distribution patterns can be fabricated by dealloying of various alloy systems (e.g. 

Cu-Mn, Au-Ag, Cu-Al and so forth) [10,30]. Evidently, compared to conventional 

three-dimensional nanoporous metals/transition metal oxides (3D-NPMs/TMOs) 

composite electrodes prepared by ex-situ routes, in-situ constructing freestanding 

3D-NPMs/TMOs integrated electrodes with stronger binding force and better 

structure stability would be more desirable toward their practical application [24,31]. 

In addition, it has been known that conducting polymer coatings have a great 

advantage in improving electron conductivity of active material and enhancing 

coulombic efficiency by stabilizing solid electrolyte interface (SEI) membranes, as 

well as protecting structural integrity from pulverization and exfoliation [32-35]. For 

example, Cui et al. [35] reported a conducting polymer hydrogel combined with 

Si-based anode achieving 5000 long cycle life with over 90% capacity retention. As a 

result, it could be expected reasonably that uniform and conformal conducting 

polymer coatings incorporated into 3D-NPMs/TMOs integrated electrode with 

suitable pore sizes and distribution patterns would markedly enhance its conductivity 

and structure stability, leading to excellent electrochemical durability and long cycle 
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life. 

In this paper, a freestanding 3D core-bishell nanoporous Cu@Cu2O@polyaniline 

(3D-CBS NPC@Cu2O@PANI) electrode has been prepared by a novel and 

cost-effective method in which the 3D core-shell nanoporous Cu@Cu2O (3D-CS 

NPC@Cu2O) integrated electrode stems from in-situ chemical dealloying and PANI 

nanolayer as the second shell from electro-polymerization. To the best of our 

knowledge, it is the first time to achieve nanoporous structure from binary Cu-Sn 

system with notably narrow standard reversible potential difference by simple 

one-step chemical dealloying. The prepared nanoporous electrodes for LIBs exhibit 

excellent electrochemical performance of superb cycling stability and superior rate 

capability. It is believed that this work can pave a golden road for design and 

construction of promising high-performance nanostructured anodes toward advanced 

LIBs. 

2. Results and discussion 

2.1. Microstructure and Morphology Characterization 

The preparation processes of freestanding 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes is illustrated in Figure 1a. Briefly, the freestanding 

3D-CS NPC@Cu2O electrode is fabricated in-situ by one-step chemical dealloying of 

as-casted Cu65Sn35 slices in mixed corrosive solution of HF and HNO3 at 90℃ for 5 

hrs. It is known that complete dealloying for Cu-Sn alloy system with narrow 

reversible potential difference (less than 500 mV, -0.136 V for Sn/Sn2+ vs. SHE and 

0.342 V for Cu/Cu2+ vs. SHE) [36]. However, it is inspiring that complete dealloying 
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was successfully achieved by a simple one-step chemical dealloying in this approach. 

Subsequently, the freestanding 3D-CBS NPC@Cu2O@PANI electrode is attained 

further by controlled electro-polymerization of aniline on the 3D-CS NPC@Cu2O 

electrode to improve the structure stability and conductivity. 

Figure 1b-c show the surface and cross-section SEM images of 3D-CS 

NPC@Cu2O electrode, respectively. As can be seen from Figure 1b, the topographic 

view of the 3D-CS electrode exhibits open, bicontinuous interpenetrating networks 

with typical sizes of 800±200 nm (pore) and 300±150 nm (ligament), respectively. 

All the ligaments are noted with smooth outer surface and sharp corner angle. The 

cross-section view of the 3D-CS electrode further displays that the bicontinuous 

interpenetrating porous network throughout the whole specimen, indicating that the 

as-obtained nanoporous structure is homogeneous (Figure 1c). EDX analysis shows 

that both Cu and O elements are detected in the resultant products, suggesting the 

formation of copper(I/II) oxide upon dealloying (Figure S1). Figure 1d-e present the 

surface and cross-section SEM images of 3D-CBS electrode. Clearly, the 

as-synthesized 3D-CBS electrode well inherits the microstructure network and 

porosity of the 3D-CS electrode. However, the wrinkled surface patterns and softly 

rounded corners are clearly observed on the ligaments, which are quite different from 

the observation before electro-polymerization, implying the favorable coverage of 

PANI layer on the 3D-CS electrode. Additionally, EDX results revealed that aside 

from Cu and O, C and N elements also exist in the 3D-CBS products, confirming that 

PANI was successfully deposited on the 3D porous skeleton (Figure S2). Furthermore, 
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there are no obvious surface cracking, pulverization and detachment either in the 

3D-CS or the 3D-CBS nanoporous electrodes, suggesting the good structural integrity 

which could facilitate advanced LIBs.  

TEM observation (Figure 1f and its inset) further shows the uniform nanosized 

ligament-pore structure and conformal Cu2O shell with thickness of ~5 nm can be 

discerned clearly on the ligament surfaces of 3D-CS electrode, indicative of in-situ 

formation of core-shell nanoporous architecture. The HRTEM analysis (Figure 1g) 

reveals that the lattice fringe spacings of surface nanoshell and inner nanocore in the 

3D-CS integrated electrode are 2.46 Å and 2.08 Å, respectively, assigning to the (111) 

plane of Cu2O and the (111) plane of Cu, implying the good in-situ growth of Cu2O 

nanoshell on the ligament surfaces of NPC matrix during dealloying. The 

corresponding SAED pattern (inset of Figure 1g) exhibits the typical polycrystalline 

diffraction image, further confirming the existence of Cu and Cu2O. To understand the 

formation mechanism of the 3D-CS integrated electrode, briefly, on one hand, the 

component Sn in the Cu-Sn alloy serving as an anode preferentially dissolves into the 

mixed solution and the remaining Cu atoms will rearrange to form nanoporous 

structure with uniform pore size distribution by rapid surface diffusion along the 

alloy/solution interfaces [36]; on the other hand, the dissolved active oxygen radical 

(·O) in the corrosive solution can be captured quickly by activated superficial Cu 

atoms with unsaturated bonds and high surface energy to further forming Cu2O 

nanoshell on ligament surfaces of NPC matrix via in-situ growth so that the system 

keeps low free energy state. It is worth noting that Cu2O nanoshell can retain 



 9 

relatively stable in the acid as long as Sn has not yet been etched totally because H+ in 

the acid would preferentially react with Sn with higher electrochemical activity. 

Moreover, HRTEM images of the 3D-CBS nanoporous electrode after 

electro-polymerization further show a uniform PANI layer with thickness of ~5 nm 

coated on Cu2O nanoshell, in which no lattice fringes can be observed, indicating the 

amorphous nature of PANI nanolayer (Figure 1h). Thus, based on the 

characterizations, it is confirmed that the unique 3D core-bishell NPC@Cu2O@PANI 

electrode was successfully fabricated with a novel and cost-effective approach. The 

Brunner-Emmet-Teller (BET) measurement was further carried out by N2 

adsorption-desorption experiment (Figure S3). The specific surface area of the 

3D-CBS NPC@Cu2O@PANI electrodes is 1.14 m2 g-1, which is favorable for 

enlarging the contact area between active materials and electrolyte, resulting in high 

Li storage capacity. The electronic conductivity of 3D-CS and 3D-CBS electrodes 

was also tested using four-point probe method (see Note 1 in the Supplementary 

Material for measurement details). Obviously, the 3D-CBS electrode (82000 S m-1) 

has higher electronic conductivity compared to 3D-CS electrode (24200 S m-1), 

suggesting that the PANI coatings effectively facilitate the electron transport network. 

Figure 2a displays the XRD patterns of the as-cast Cu65Sn35 alloy, as-synthesized 

3D-CS and 3D-CBS nanoporous electrodes, respectively. The initial Cu65Sn35 alloy is 

composed of two phases: Cu6Sn5 (ICDD No. 45-1488) and Cu3Sn (ICDD No. 

01-1240), in which the amount of Cu6Sn5 is comparable to that of Cu3Sn. Upon 

dealloying, three main diffraction peaks at 2θ=43.2°, 50.4° and 74.1° correspond to 
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f.c.c (111)Cu, (200)Cu and (220)Cu respectively, confirming the existence of Cu phase; 

meanwhile, Cu2O phase is also detected at 2θ=36.4°, suggesting the co-existence of 

Cu and Cu2O in the as-dealloyed products [10,31]. For the 3D-CBS nanoporous 

electrode, more diffraction peaks of Cu2O are clearly observed at 2θ=29.5°, 42.2° and 

61.3° which is owing to surface oxidation of NPC during electro-polymerization [37]. 

In addition, chemical compositions and surface valence states of the 3D-CS and 

3D-CBS nanoporous electrodes were also characterized by XPS measurement. As 

presented in Figure 2b, only Cu and O elements can be identified in the as-dealloyed 

products, while Cu, O, C and N can be detected simultaneously in the 

as-electropolymerized products, further confirming the successful deposition of PANI 

nanolayer upon the 3D-CS electrode. The high-resolution XPS spectra (Figure 2c) of 

Cu 2p for the 3D-CS and 3D-CBS nanoporous electrodes display that the binding 

energies of Cu 2p1/2 and Cu 2p3/2 located at 952.18 and 932.28 eV respectively, clearly 

indicating the existence of Cu(Ι) rather than Cu(ΙΙ) in the fabricated specimens 

[37-39]. Furthermore, Raman spectroscopy was also employed to inspect the chemical 

structures of the 3D-CS and 3D-CBS nanoporous electrodes. As shown in Figure 2d, 

the Raman spectrum of the 3D-CS electrode exhibits two main peaks at 525 and 615 

cm-1, corresponding to the Tg and Bg modes of Cu2O, respectively [40,41]. In contrast, 

the counterpart of the 3D-CBS nanoporous electrode reveals more peaks of PANI at 

1165, 1245, 1390, 1494 and 1595 cm-1, which is well designated to C-H bending 

mode of quinoid/benzenoid rings, weak C-H, C-N and C=N stretching modes of 

quinoid ring, as well as C-C stretching mode of benzenoid ring, respectively [23,42]. 
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Overall, based on the characterizations above, it is concluded that the 3D-CS and 

3D-CBS electrodes are successfully fabricated by facile method combining one-step 

chemical dealloying with post-electro-polymerization in this work.  

2.2. Electrochemical properties 

In order to evaluate the electrochemical performance, the as-prepared 3D-CS and 

3D-CBS electrodes were served as anodes assembled into LIB half-cells without 

using binder and conductive agent. In comparison, 2D planar copper foil (CF) 

supported Cu2O nanoparticles (2D CF@Cu2O NPs) electrodes were also fabricated by 

simple two-step heat treatments of 2D CF in air at 550℃ for 1 h and then in N2 

atmosphere at 700℃ for 2 h (see Supplementary Material, Figures S4-S5). Figure 3a 

shows the CVs of 3D-CBS electrode with potential range of 0.01 to 3.0 V (vs. Li/Li+) 

at a scan rate of 0.1 mV s-1. Clearly, during the first discharge process, the reduction 

peaks centered at 1.0 and 0.37 V (vs. Li/Li+) can be ascribed to the transformation of 

Cu2O to Cu (Cu2O + 2Li+ + 2e- →2Cu + Li2O) and formation of SEI membranes, 

respectively [8,19]. For the first charge process, three main anodic peaks locate at 0.6, 

1.4 and 2.54 V (vs. Li/Li+), which can be attributed to the partial decomposition of 

SEI membranes and stepwise reverse transformation of Cu to Cu2O (Li2O + 2Cu → 

Cu2O + 2Li+ + 2e-) [9,21,37]. Note that during the following discharge processes, the 

initial broad cathodic peak divides into three counterparts centered at 1.63, 1.11 and 

0.82 V (vs. Li/Li+) respectively, which is closely related to the size change of partial 

Cu2O caused by nano-crystallization during the first transformation, resulting in the 

higher shift of its lithiation potential and the increase of potential difference [10,37]. 
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Compared to the 2D planar copper foil supported Cu2O nanoparticles (2D CF@Cu2O 

NPs) electrode (Figure S6), the 2nd and 3rd CVs of the 3D-CBS nanoporous electrode 

are well overlapped with each other, indicating its superior electrochemical 

reversibility and cycling stability. 

Figure 3b shows the potential vs. capacity profiles of 3D-CBS electrode ranging 

from 0.01 to 3.0 V (vs. Li/Li+), in which the initial three cycles run at a low current 

density (200 mA g-1) for electrode activation related to the higher one (2 A g-1) in the 

following cycles. Surprisingly, the first discharge and charge processes delivered 

superb large specific capacities of 1411 and 677 mAh g-1 with ca. 48% coulombic 

efficiency. It has been known that pure PANI can only deliver limited Li storage 

capacity of ca. 20 mAh g-1, and its capacity contribution can be ignored as used in the 

high-capacity electrode materials [33,35]. The achieved capacity is far beyond the 

theoretical value of Cu2O (374 mAh g-1), which could be due to the repeated 

formation and decomposition of SEI membranes (in good line with the CVs) as well 

as the unique 3D-CBS nanoporous structure with more electrochemical active sites in 

favor of Li+ storage than conventional micron-sized counterparts [43]. Actually, this 

phenomenon has been found widely in various nanostructured Cu2O electrode 

materials in the literature [9,44-47]. Moreover, the initial capacity loss is mainly 

ascribed to the incompletely reversible conversion of Cu2O, partial decomposition of 

SEI membranes as well as occurrence of a series of irreversible side reactions on the 

electrode surfaces, such as reductions of superficial contaminants or adsorbed species 

[31,48]. Single broad discharge plateau at ~1.2 V (vs. Li/Li+) changes into two 
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counterparts just after the 1st cycle, which is in good agreement with the CVs in 

Figure 3a. Furthermore, the 2nd charge-discharge profile with two potential plateaus 

overlaps well with the 3rd cycle and even if under the higher current density (2 A g-1), 

the 4th and 100th charge-discharge profiles also overlap well with each other, further 

demonstrating the excellent electrochemical reversibility of the unique 3D-CBS 

nanoporous electrode. 

Cycling stability is one of the key indexes to assess the electrochemical properties 

of LIBs. Figure 3c illustrates the cycling performance of 2D CF@Cu2O NPs, 3D-CS 

NPC@Cu2O and 3D-CBS NPC@Cu2O@PANI electrodes at 2 A g-1, in which the 

initial three cycles run at a low current density (200 mA g-1) for electrode activation. It 

is shown that compared to the 2D CF@Cu2O NPs electrode, both the 3D-CS and 

3D-CBS nanoporous electrodes display the remarkably improved cycling abilities 

with higher specific capacity, and coulombic efficiency. This indicates that the 3D 

nanoporous configuration is greatly beneficial for enhancing the loadings of active 

material and alleviating the volume and structure variations during cycling. 

Prominently, the unique 3D-CBS nanoporous electrode exhibits ultrahigh first 

reversible capacity of 555 mAh g-1 at 2 A g-1 and superior cycling stability with 

~111% capacity retention after 300 cycles. The typical reversible capacities of 563, 

559, 549 and 567 mAh g-1 was achieved for the 10th, 50th, 100th and 150th cycles, 

respectively; after 300 cycles, it still delivers an ultrahigh reversible capacity of 621 

mAh g-1 with zero capacity loss in comparison with the 1st cycle at 2 A g-1. Moreover, 

the coulombic efficiency demonstrates negligible fade, maintaining over 99.5% of its 
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initial value after 300 cycles. This usual phenomenon in TMOs electrodes strongly 

indicates the superior electrochemical reversibility of 3D-CBS nanoporous electrodes.  

It is noticed that a slight increase of specific capacity occurs during repeated 

charge-discharge processes for the 3D-CBS nanoporous electrodes, which is ascribed 

to the enlarged reaction sites with abundant pores/diffusion channels during the 

process of reversible formation and decomposition of a polymeric gel-like layer [8,10]. 

In contrast, for the 2D CF@Cu2O NPs electrode, the reversible capacities of 198, 66 

and 63 mAh g-1 is obtained for the 1st, 5th and 50th cycles, respectively. There is a 

sharp decrease after 50 cycles, suggesting its poor cycling stability. This is closely 

associated with the planar structure and compact stacking of Cu2O NPs, leading to 

inadequate buffering of volume change and mechanical strain during repeated 

lithiation-delithiation processes as well as rapid exfoliation of active material from the 

surfaces of 2D CF substrate. 

The long-term cycling stability of 3D-CBS electrode at higher current densities of 4 

and 6 A g-1 was further examined, as indicated in Figure 3d-e. After electrode 

activation with 3 cycles, the 3D-CBS nanoporous electrode exhibits ultrahigh 

reversible capacity of 518 mAh g-1 at 4 A g-1 and outstanding cycling ability with 

~105% capacity retention and 99.8% coulombic efficiency after 800 cycles. 

Excitingly, with current density up to 6 A g-1, a relatively high reversible capacity of 

349 mAh g-1 still can be achieved with ~76% capacity retention after 11500 

ultralong-cycles, corresponding to only 0.002% capacity decay per cycle. Moreover, 

slight capacity decays are observed from the potential vs. capacity curves (Figure S7) 
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with no obvious potential plateau changes during the ultralong charge-discharge 

processes, further confirming its superb cyclability. It is worth mentioning that the 

steady reversible capacity of 386 mAh g-1 after 8000 cycles at 6 A g-1 is still greater 

than the theoretical specific capacity of commercial graphite anode (372 mAh g-1), 

suggesting its considerably promising application in advanced LIBs. 

It is well-recognized that rate capability is another important evaluation for 

electrochemical performance of LIBs. Herein, the 5 multistep-rate programmed tests 

(total over 400 cycles) were carried out from 2 up to 20 A g-1 and then back to 2 A g-1, 

in which each period comprises 8 steps and each step runs 10 cycles under different 

current densities. Figure 3f displays the rate capability profiles of 3D-CBS electrode 

based on the designed test procedure. As indicated clearly in the 1st multistep-rate 

period, the high reversible capacities of 542, 462, 400, 329 and 283 mAh g-1 is 

delivered at current densities of 2, 6, 10, 16 and 20 A g-1, respectively. When current 

density returns to its initial values (16, 10, 6 and 2 A g-1) at the 51th, 61th, 71th and 81th 

cycles step by step, the reversible capacity increases to 289, 336, 393 and 498 mAh 

g-1 accordingly, which reserves as high as 87.8%, 84%, 85.1% and 91.9% capacity 

retentions compared with the 31th, 21th, 11th and 1st cycles at same current densities, 

respectively. Surprisingly, after 5 continuous multistep-rate periods by the same test 

procedure, no obvious capacity decay can be observed at the 410th cycle at 2 A g-1
 

(540 mAh g-1). Meanwhile, the potential vs. capacity profiles at 20 A g-1 designed in 

each multistep-rate period are illustrated in Figure 3g. The charge-discharge curves 

for the 50th, 130th, 210th, 290th and 370th cycles overlap with each other (including 
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their variation trend, potential plateau, and specific capacity), fully manifesting the 

ultrafast and ultra-stable kinetic characteristics for electrochemical 

lithiation/delithiation reactions on electrode interfaces. The scattergram in Figure 3h 

summarizes the typical reversible capacity values at the lowest (2 A g-1) and highest 

(20 A g-1) current densities, respectively. It is apparent that the reversible capacities 

stabilize at around 540 and 280 mAh g-1 with nearly 100% capacity retentions at 2 

and 20 A g-1 regardless of increasing rate periods and cycle numbers, indicating its 

superior cycling ability even if under such rigorous rate conditions. Furthermore, after 

undergoing a series of successive high-rate charge-discharge cycles from 2 to 12 A g-1, 

the reversible capacity maintains as high as 467 mAh g-1 after 800 cycles with nearly 

zero capacity loss at a fixed current density of 6.6 A g-1, implying its extreme 

excellence for rate performance (Figure 3i). This can be mainly attributed to the 

unique 3D-CBS nanoporous architecture and large contact areas between electrode 

and electrolyte, which can not only accommodate the huge volume change and endow 

good electrolyte permeation, but also facilitate the Li+ migration during rapid 

charge-discharge processes. Meanwhile, the uniform and conformal PANI coating on 

Cu2O surfaces can enhance the SEI stability and improve the electrode conductivity, 

which can remarkably boost the charge transfer efficiency for a better rate 

performance. The cyclability at high-rate of the 3D-CBS nanoporous electrode is 

evidently better than those of Cu-based oxides and their composites reported so far as 

illustrated in Figure 3j (see detailed experimental data and related references in Table 

S1). 
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To further investigate the excellent rate performance, the capacitive contribution of 

3D-CBS NPC@Cu2O@PANI electrode was calculated according to a series of CVs at 

different scan rates. Figure 4a displays the CVs of 3D-CBS NPC@Cu2O@PANI 

electrode from 0.2 to 3.0 mV s-1. The degree of capacitance effect can be qualitatively 

analyzed from CVs through the relationship between current (i) and scan rate (ν): i = 

aνb, where both a and b are constants [49,50]. The b value can be determined from the 

slope of the log(i) versus log(ν) plot (Figure 4b), which is always between 0.5 and 1.0. 

As b=0.5, the current response is diffusion-controlled; as b=1, the current is controlled 

by capacitive process. In this case, the b value ranges from 0.74 to 0.86, indicating 

that the electrochemical reaction of the 3D-CBS nanoporous electrode was dominated 

by capacitive process. To further analyze the contribution of capacitance, the current 

respond can be separated to capacitive (k1ν) and diffusion-controlled processes (k2ν
0.5) 

[51-53]: 

i (V)=k1ν+k2ν
0.5                                                                              (1) 

i (V)/ν0.5=k1ν
0.5+k2                                                                           (2) 

Where both k1 and k2 are constants and ν is the scan rate. Clearly, a high capacitive 

contribution of 71.06% is obtained at a scan rate of 2.0 mV s-1, as shown in Figure 4c. 

With the increase of scan rate, the contribution of capacitance gradually increases and 

a maximum contribution value of 77.62% is obtained at the scan rate of 3.0 mV s-1 

(Figure 4d). The results demonstrate that the pseudocapacitive process exists in the 

electrochemical reaction of 3D-CBS NPC@Cu2O@PANI electrode, which is largely 

beneficial to the superior rate performance. 
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The ion and electron transfer characteristics of 3D-CS and 3D-CBS electrodes were 

investigated by EIS measurement. As can be seen from Figure 5a and b, all Nyquist 

plots consist of a compressed semicircle in high-medium frequency range, the 

diameter of which represents the charge transfer resistance (Rct) and an inclined line 

in low frequency range closely related to the diffusion coefficient of Li+ inside 

electrode materials, respectively [4,10]. Clearly, the Rct of the 3D-CBS nanoporous 

electrode is ca. 140 Ω before cycling and decreases to just ca. 80 Ω after 300 cycles, 

which is mainly due to the dispersion distribution of generated Cu nanoparticles with 

good conductivity in amorphous Li2O and continual permeation of electrolyte during 

charge-discharge processes [31,37]. Amazingly, after 11500 ultralong-cycles, the Rct 

value is still as low as ca. 120 Ω, comparable to its initial state before cycling, 

confirming its outstanding electronic conductivity (Figure 5a). The Rct of the 3D-CS 

integrated electrode is ca. 220 and 300 Ω before and after cycling respectively, 

slightly larger than the 3D-CBS nanoporous electrode (Figure 5b). In contrast, the Rct 

values of the 2D planar electrode is much larger no matter before or after cycling (ca. 

380 and 820 Ω, Figure S8), demonstrating the superior electron transfer abilities in the 

3D CS-typed porous electrodes. To further understand their kinetic properties during 

electrochemical lithiation-delithiation reactions, the Li+ diffusivity in the 3D-CS and 

3D-CBS electrodes is evaluated using the following equation [54-56]. 

                            (3) 

Where R, T, A, n, F and C refer to gas constant, absolute temperature, geometric 

surface area of electrode, the number of electrons in electrochemical reaction, Faraday 
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constant and concentration of lithium ion, respectively. The Warburg impedance 

coefficient (σω) can be obtained from the slope of real part (Z') vs. angular frequency 

(ω−1/2) profile in low frequency range, as depicted in Figure 5c and d. As a result, the 

Li+ diffusion coefficients inside the 3D-CS and 3D-CBS nanoporous electrodes before 

and after cycling were estimated by Eqn. (3), as listed in detail in Table 1. Obviously, 

the 3D-CBS electrode has a relatively large Li+ diffusion coefficient (5.52×10-11 cm2 

s-1) at its initial state compared to that of the 3D-CS electrode (1.29×10-11 cm2 s-1). 

Moreover, the Li+ diffusion coefficient of the 3D-CBS electrode exhibits an evident 

increase after 300 cycles (24.20×10-11 cm2 s-1), much greater than that of the 3D-CS 

electrode (0.15×10-11 cm2 s-1). It is exciting that a relatively large Li+ diffusion 

coefficient (1.77×10-11 cm2 s-1) still can be reached even after 11500 ultralong-cycles 

in the 3D-CBS electrode, comparable to that of the 3D-CS electrode before cycling, 

suggesting the faster Li+ diffusivity in the 3D-CBS nanoporous electrode. This is 

ascribed to the in-situ formation of active material on porous matrix and conformal 

coating of PANI nanolayer with good conductivity on active material, which is in 

great favor of reducing the contact resistance at the electrode/electrolyte and current 

collector/active material interfaces, shortening the Li+ migration distance inside 

electrode material, as well as improving the electron conductivity. 

Figure 6 illustrates the SEM images of 2D CF@Cu2O NPs, 3D-CS NPC@Cu2O 

and 3D-CBS NPC@Cu2O@PANI electrodes after cycling. For the 2D CF@Cu2O NPs 

electrode after 300 cycles, many irregular micro-flakes, comprising agglomerated 

nanoparticles and large-sized concave pits caused by severe cracking, pulverization 
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and detachment of active material, can be observed in Figure 6a and its inset, which is 

significantly different from its pristine state in Figure S4a. Especially, the 

disappearance of independent NPs after cycling indicates that the 2D planar substrate 

structure cannot effectively alleviate the huge volume change during charge-discharge 

processes, leading to terrible electrochemical performance. Moreover, the 

microstructure of 3D-CS NPC@Cu2O electrode after 300 cycles was displayed in 

Figure 6b. The 3D bicontinuous porous network was well reserved after cycling, 

whereas the disordered orientation and uneven distribution of ligaments and pores 

suggest partial accommodation of volume expansion and contraction during 

reduplicative electrochemical reactions, resulting in the acceptable structure stability 

and electrochemical behavior. In contrast, SEM images of 3D-CBS electrode after 

300 cycles in Figure 6c showed no evident discrepancy before and after cycling. The 

higher-magnification SEM image (inset in Figure 6c) further reveals the perfect 3D 

porous architecture with homogeneous ligament-pore distribution and benign 

structural integrity after cycling, implying its excellent electrochemical durability. To 

further verify the superiority of the 3D-CBS nanoporous electrode, its microstructure 

after 11500 ultralong-cycles at an elevated current density (6 A g-1) was also 

characterized, as illustrated in Figure 6d. It is astonishing that the 3D-CBS 

configuration is well reserved with slightly thicker SEI membranes observed. There is 

no presence of cracking, pulverization and exfoliation of active material at all, fully 

demonstrating its superb structural integrity and electrochemical stability toward 

practical application of advanced LIBs. 
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Herein, the 3D-CBS NPC@Cu2O@PANI//LiCoO2 Li-ion full cell was assembled 

further by using the 3D-CBS nanoporous electrode and commercial LiCoO2 electrode 

as cathode. As indicated in Figure 7, the electrochemical performance of 3D-CBS 

NPC@Cu2O@PANI//LiCoO2 full cell was investigated in the voltage range of 0.5-3.8 

V. Figure 7a shows its cycle performance curves with intermittent rate measurements. 

Clearly, the initial discharge process (Li+ migration from the 3D-CBS anode to 

LiCoO2 cathode) delivered a high reversible capacity of 477 mAh g-1 with ~51% 

coulombic efficiency. The first discharge capacity loss is closely related to the 

incomplete reversible conversion of Cu2O and formation of SEI membranes. Except 

for the first several cycles, the coulombic efficiency always maintains over 98%, 

indicating its favorable electrochemical reversibility. Impressively, the discharge 

specific capacities of 330, 330, 311 and 299 mAh g-1 can be obtained in sequence at a 

current density of 2 A g-1 for the 100th, 1000th, 1500th and 2000th cycles with capacity 

retentions of 70%, 70%, 65% and 63%, respectively. Even after 3000 ultralong-cycles, 

a relatively large discharge capacity of 315 mAh g-1 still can be reached smoothly, 

reserving as high as 66% capacity retention and 99.7% coulombic efficiency, 

suggesting its excellent cycle performance including good cycling stability and 

ultralong cycle life. Like the half-cells, a slight increase of capacity during cycling is 

related to the unceasing permeation of organic electrolyte and wetting of 3D porous 

electrode in the full cells. Figure 7b-d shows the intermittent rate capability profiles of 

3D-CBS full cell, which were recorded from the 1st to 50th cycles, from the 1040th to 

1090th cycles, and from the 2080th to 2130th cycles, respectively. As indicated in 
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Figure 7b, the relatively high discharge capacities of 378, 277, 228 and 196 mAh g-1 

can be attained after each 10 cycles at 2, 4, 6 and 8 A g-1, respectively. When the 

current density reverted to 2 A g-1 again, the discharge capacity increased to 313 mA h 

g-1, maintaining as high as 82.8% capacity retention relative to that of the 10th cycle at 

the same current density. Analogically, in Figure 7c and d, the discharge capacities of 

315 and 286 mA h g-1 can be achieved for the 1081th and 2021th cycles at 2 A g-1 after 

a series of high-rate, long-term lithiation-delithiation processes, retaining 95.7% and 

95.6% capacity retentions compared to those of the 1050th and 2090th cycles at same 

current densities, confirming its outstanding rate performance in full cells. Figure 7e-h 

displays the voltage vs. capacity curves of full cell under different current densities. 

Surprisingly, even if undergoing considerably long cycles, all the charge and 

discharge capacities decrease limitedly, bringing about relatively high capacity 

retentions at fixed current densities (2, 4, 6, even 8 A g-1). In fact, apart from slight 

capacity loss, the shape, voltage plateau and variation trend of all voltage vs. capacity 

profiles under various current densities are similar, indicating the superior 

electrochemical reversibility and cycling stability of full cells, especially at high rates. 

For practical applications, a light-emitting-diode (LED) bulb powered by the 

assembled Li-ion full cell with full-charged state after 3000 cycles was exhibited in 

Figure 7i. Excitingly, after such a high-rate and ultralong charge-discharge cycles, the 

light radiation of LED bulb is still considerably strong and bright, which is 

encouraging for applications towards household/industrial microelectronic devices. 

Compared to the 2D CF@Cu2O NPs and other 3D nanostructured Cu-based oxides 
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electrodes reported so far, the superior electrochemical performance of the 3D-CBS 

electrode designed in this work demonstrates its intrinsic advantages of synergistic 

effect among the unique 3D-CBS nanoporous structure, large contact areas between 

active material and electrolyte, in-situ formation of active material on porous matrix, 

and conformal coating of protective layer with good conductivity on active material, 

which is illustrated schematically in Figure 8a. Firstly, the unique 3D-CBS 

nanoporous structure with large specific surface area and bicontinuous porous 

network can effectively accommodate large volume variation and offer efficient 

ion/electron transport channels during charge-discharge processes, resulting in stable 

cycling ability and long cycle life [57-60]. Secondly, large contact surface areas 

between active material and electrolyte facilitate to provide more active sites for 

lithiation-delithiation reactions and shorten Li+ migration distance between electrode 

and electrolyte, bringing about the high rate capability. Thirdly, in-situ formation of 

uniform Cu2O films with thickness in nanoscale on porous matrix can cause relatively 

small mechanical strain associated with volume expansion during lithiation reactions, 

as well as ensure strong mechanical adhesion and good electric contact between active 

material and current collector without any binder and conductive agent, which are 

essential in current commercial LIBs but inevitably cause the depressed energy and 

power densities. Fourth, the conformal coating of PANI protective layer with good 

conductivity on active material can not only significantly improve the electron 

conductivity and decrease the charge transfer resistance inside the electrode, but also 

effectively stabilize the SEI membranes to prevent active material from pulverization 
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and detachment from current collector surfaces. Besides, to deeply understand its 

superiority in lithium storage properties from the perspective of crystallography, 

density functional theory (DFT) calculations were further carried out (see Note 2 in 

the Supplementary Material for computational details of DFT). Figure 8b displays 

the 3D and 2D surface atomic configurations in different planes of Cu2O unit cell, in 

which the (111) plane is the close-packed plane of atoms and contains more Cu+ than 

other surfaces (Cu+/O2-=4/1 in the (111) plane). According to the positive linear 

relationship between the lithium storage properties of Cu2O and the redox reaction of 

Cu+/Cu0 ion pair, the Cu2O nanolayer with more exposed (111) planes could induce 

the occurrence of more and faster redox reaction of Cu+/Cu0 ion pair, resulting into 

higher reversible capacity and better rate capability. Also, the surface energy (Es) in 

different planes of Cu2O unit cell has been estimated based on the DFT models, as 

listed in Figure 8b. The (111) plane possesses the lowest surface energy (just 0.046 

eV/Å2), indicating much better stability than other planes as exposed to surfaces, 

leading to the better cycle performance. Therefore, the unique 3D-CBS nanoporous 

electrode with rational design endow itself excellent electrochemical performance, 

indicative of a promising TMOs-based anode candidate with ultrahigh-rate and 

ultralong-life lithium storage properties towards practical application of advanced 

LIBs. 

3. Conclusions 

A unique freestanding 3D core-bishell nanoporous electrode was developed with 

single NPC core and bi-layered conformal Cu2O@PANI shells by combining 
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chemical dealloying with controlled electro-polymerization. The unique 3D-CBS 

nanoporous electrode as anode for LIBs exhibits excellent electrochemical 

performance with ultrahigh reversible capacity, ultralong cycle life and superb rate 

capability. This is closely associated with the rational design with controlled materials 

configuration, in-situ formation of active material on porous matrix, and conformal 

coating of protective nanolayer with good conductivity on exposed low-energy crystal 

plane with most Cu+ of active material. These features are largely beneficial to 

alleviating the huge volume/structure changes during lithiation-delithiation processes, 

strengthening the mechanical adhesion between active material and current collector, 

enhancing the solid electrolyte interface stability and structural integrity, shortening 

the Li+ diffusion distance and improving the electron conductivity. It is believed that 

this work has significant implication for span-new design and preparation of 

ultrahigh-rate, ultralong-life 3D nanostructured anodes toward advanced 

electrochemical energy storage devices. 
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Figure Captions 

Figure 1. (a) Schematic of preparation process of 3D-CBS NPC@Cu2O@PANI 

electrode. Planar and cross-section SEM images of (b-c) 3D-CS NPC@Cu2O and (d-e) 

3D-CBS NPC@Cu2O@PANI electrodes, in which the upper-right insets are their 

corresponding low-magnification SEM images, and the bottom-left insets in parts b 

and d are typical digital photographs of 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes. (HR)TEM images of (f-g) 3D-CS NPC@Cu2O and 

(h) 3D-CBS NPC@Cu2O@PANI electrodes, in which the upper-right insets in parts f 

and g are the corresponding high-magnification TEM image and SAED pattern, 

respectively. 

Figure 2. (a) XRD patterns of the as-cast Cu65Sn35 alloy, as-synthesized 3D-CS 

NPC@Cu2O and 3D-CBS NPC@Cu2O@PANI electrodes. (b) XPS survey spectra 

and (c) Cu 2p high-resolution XPS spectra of 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes. (d) Raman spectra of 3D-CS NPC@Cu2O and 

3D-CBS NPC@Cu2O@PANI electrodes. 

Figure 3. (a) CVs of 3D-CBS NPC@Cu2O@PANI electrode recorded at a scan rate 

of 0.1 mV s-1 between 0.01-3.0 V (vs. Li/Li+). (b) Potential vs. capacity profiles of 

3D-CBS NPC@Cu2O@PANI electrode for 1st, 2nd, 3rd, 4th and 100th cycles. (c) Cycle 

performance of 3D-CS NPC@Cu2O and 3D-CBS NPC@Cu2O@PANI electrodes at a 

current density of 2 A g-1. (d-e) Long-cycle galvanostatic charge-discharge curves of 

3D-CBS NPC@Cu2O@PANI electrode at higher current densities of 4 and 6 A g-1, 

respectively. (f) Rate capability of 3D-CBS NPC@Cu2O@PANI electrode designed at 
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different current densities involving 5 multistep-rate periods from 2 up to 20 A g-1 and 

back to 2 A g-1 repeatedly. (g) Potential vs. capacity profiles of 3D-CBS 

NPC@Cu2O@PANI electrode at the current density of 20 A g-1 designed in each 

multistep-rate period. (h) Scattergram of reversible specific capacity vs. cycle number 

at the lowest (2 A g-1) and highest (20 A g-1) current densities designed in each 

multistep-rate period, respectively. (i) Integration of rate capability of 3D-CBS 

NPC@Cu2O@PANI electrode at different current densities with subsequent cycle 

performance at the fixed high current density. (j) Scattergram of comparison of cycle 

performance of various Cu-based oxides and their composites at different current 

densities marked in the brackets. The detailed experiment data and related references 

are listed in Table S1. 

Figure 4. (a) CVs of 3D-CBS NPC@Cu2O@PANI electrode at different scan rates 

from 0.2 to 3.0 mV s−1. (b) Plots (b values) of the log(scan rate) versus log(peak 

current) at different oxidation and reduction states. (c) Ratio of capacitive-controlled 

charge contribution (grey) to the total current at a scan rate of 2.0 mV s−1. (d) Ratio of 

capacitive and diffusion-controlled contribution to Li+ charge storage at different scan 

rates. 

Figure 5. (a-b) Nyquist plots of 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes before and after cycling. (c-d) Relations between Z' 

and ω−1/2 in low frequency ranges of EIS for 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes. 

Figure 6. SEM images of (a) 2D CF@Cu2O NPs, (b) 3D-CS NPC@Cu2O and (c) 
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3D-CBS NPC@Cu2O@PANI electrodes after 300 charge-discharge cycles at a 

current density of 2 A g-1, respectively. (d) SEM images of 3D-CBS 

NPC@Cu2O@PANI electrode after 11500 ultralong-cycles at a current density of 6 A 

g-1
. Insets are their corresponding high-magnification SEM images. 

Figure 7. (a) Cycle performance curves with intermittent rate measurements of 

3D-CBS NPC@Cu2O@PANI//LiCoO2 full cell. (b-d) Enlarged intermittent rate 

capability profiles of 3D-CBS NPC@Cu2O@PANI//LiCoO2 full cell recorded from 

the 1st to 50th cycles, from the 1040th to 1090th cycles, and from the 2080th to 2130th 

cycles, respectively. (e-h) Voltage vs. capacity profiles of 3D-CBS 

NPC@Cu2O@PANI//LiCoO2 full cell at different current densities. (i) Typical digital 

photograph of LED bulb lightened by the assembled full cell with full-charged state 

after 3000 charge-discharge cycles. 

Figure 8. (a) Schematic illustration for lithiation-delithiation reaction of 3D-CBS 

NPC@Cu2O@PANI electrode. (b) DFT simulation of 3D and 2D surface atomic 

configurations in different planes of Cu2O. Es refers to surface energy.
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Table 1. The Li+ diffusion coefficients of 3D-CBS NPC@Cu2O@PANI and 3D-CS 

NPC@Cu2O electrodes before and after cycling estimated by Eqn. (3). 

       Specimen 

State 

3D-CBS NPC@Cu2O@PANI electrode  

(×10-11 cm2 s-1) 

3D-CS NPC@Cu2O electrode  

(×10-11 cm2 s-1) 

Before cycling 5.52 1.29 

After 300 cycles 24.20 0.15 

After 11500 cycles 1.77 / 
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Figure 1. (a) Schematic of preparation process of 3D-CBS NPC@Cu2O@PANI 

electrode. Planar and cross-section SEM images of (b-c) 3D-CS NPC@Cu2O and (d-e) 

3D-CBS NPC@Cu2O@PANI electrodes, in which the upper-right insets are their 

corresponding low-magnification SEM images, and the bottom-left insets in parts b 

and d are typical digital photographs of 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes. (HR)TEM images of (f-g) 3D-CS NPC@Cu2O and 

(h) 3D-CBS NPC@Cu2O@PANI electrodes, in which the upper-right insets in parts f 

and g are the corresponding high-magnification TEM image and SAED pattern, 

respectively. 
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Figure 2. (a) XRD patterns of the as-cast Cu65Sn35 alloy, as-synthesized 3D-CS 

NPC@Cu2O and 3D-CBS NPC@Cu2O@PANI electrodes. (b) XPS survey spectra 

and (c) Cu 2p high-resolution XPS spectra of 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes. (d) Raman spectra of 3D-CS NPC@Cu2O and 

3D-CBS NPC@Cu2O@PANI electrodes. 
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Figure 3. (a) CVs of 3D-CBS NPC@Cu2O@PANI electrode recorded at a scan rate 

of 0.1 mV s-1 between 0.01-3.0 V (vs. Li/Li+). (b) Potential vs. capacity profiles of 

3D-CBS NPC@Cu2O@PANI electrode for 1st, 2nd, 3rd, 4th and 100th cycles. (c) Cycle 

performance of 3D-CS NPC@Cu2O and 3D-CBS NPC@Cu2O@PANI electrodes at a 

current density of 2 A g-1. (d-e) Long-cycle galvanostatic charge-discharge curves of 

3D-CBS NPC@Cu2O@PANI electrode at higher current densities of 4 and 6 A g-1, 

respectively. (f) Rate capability of 3D-CBS NPC@Cu2O@PANI electrode designed at 

different current densities involving 5 multistep-rate periods from 2 upto 20 A g-1 and 

back to 2 A g-1 repeatedly. (g) Potential vs. capacity profiles of 3D-CBS 

NPC@Cu2O@PANI electrode at the current density of 20 A g-1 designed in each 

multistep-rate period. (h) Scattergram of reversible specific capacity vs. cycle number 

j 
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at the lowest (2 A g-1) and highest (20 A g-1) current densities designed in each 

multistep-rate period, respectively. (i) Integration of rate capability of 3D-CBS 

NPC@Cu2O@PANI electrode at different current densities with subsequent cycle 

performance at the fixed high current density. (j) Scattergram of comparison of cycle 

performance of various Cu-based oxides and their composites at different current 

densities marked in the brackets. The detailed experiment data and related references 

are listed in Table S1. 
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Figure 4. (a) CVs of 3D-CBS NPC@Cu2O@PANI electrode at different scan rates 

from 0.2 to 3.0 mV s−1. (b) Plots (b values) of the log(scan rate) versus log(peak 

current) at different oxidation and reduction states. (c) Ratio of capacitive-controlled 

charge contribution (grey) to the total current at a scan rate of 2.0 mV s−1. (d) Ratio of 

capacitive- and diffusion-controlled contribution to Li+ charge storage at different 

scan rates. 
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Figure 5. (a-b) Nyquist plots of 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes before and after cycling. (c-d) Relations between Z' 

and ω−1/2 in low frequency ranges of EIS for 3D-CS NPC@Cu2O and 3D-CBS 

NPC@Cu2O@PANI electrodes. 
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Figure 6. SEM images of (a) 2D CF@Cu2O NPs, (b) 3D-CS NPC@Cu2O and (c) 

3D-CBS NPC@Cu2O@PANI electrodes after 300 charge-discharge cycles at a 

current density of 2 A g-1, respectively. (d) SEM images of 3D-CBS 

NPC@Cu2O@PANI electrode after 11500 ultralong-cycles at a current density of 6 A 

g-1
. Insets are their corresponding high-magnification SEM images. 
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Figure 7. (a) Cycle performance curves with intermittent rate measurements of 

3D-CBS NPC@Cu2O@PANI//LiCoO2 full cell. (b-d) Enlarged intermittent rate 

capability profiles of 3D-CBS NPC@Cu2O@PANI//LiCoO2 full cell recorded from 

the 1st to 50th cycles, from the 1040th to 1090th cycles, and from the 2080th to 2130th 

cycles, respectively. (e-h) Voltage vs. capacity profiles of 3D-CBS 

NPC@Cu2O@PANI//LiCoO2 full cell at different current densities. (i) Typical digital 

photograph of LED bulb lightened by the assembled full cell with full-charged state 

after 3000 charge-discharge cycles. 
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Figure 8. (a) Schematic illustration for lithiation-delithiation reaction of 3D-CBS 

NPC@Cu2O@PANI electrode. (b) DFT simulation of 3D and 2D surface atomic 

configurations in different planes of Cu2O. Es refers to surface energy. 
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