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Freestanding 3D nanoporous Cu supported Cu2O hierarchical nanoplate arrays (3D 23 

NPC@Cu2O HNPAs) have been prepared in-situ by facile one-step oxidation-assisted 24 

electrochemical dealloying, in which Cu2O HNPAs is characteristic of large-sized 25 

(hundreds of nm) 2D nanoplate arrays firmly embedded in small-sized (tens of nm) 26 

counterparts. The unique 3D nanocomposites as anodes for Li-ion batteries (LIBs) 27 

display superior Li storage properties involving ultrahigh specific capacity, long cycle 28 

life and excellent rate capability, which deliver a reversible capacity as high as 3.0 29 

mAh cm-2 with 71.4% capacity retention after 450 long-cycles at 2 mA cm-2. Even 30 

when the current density reaches 5 mA cm-2, an ultrahigh reversible capacity of 3.4 31 

mAh cm-2 still can be achieved smoothly without obvious capacity decay after 250 32 

cycles. It is totally comparable to or even exceeds the current level of commercial 33 

graphite anode. The outstanding electrochemical performance can be largely ascribed 34 

to the unique 3D electrode structure comprising HNPAs and NP substrate, large 35 

contact area between active material and electrolyte, in-situ growth of active material 36 

upon porous substrate, compact joint of small-sized intermediate nanolayers, and 37 

favorable mass transfer amongst vertical hierarchical nanoplates, indicative of a quite 38 

promising candidate as a binder-free integrated anode toward practical application of 39 

advanced LIBs. 40 

Keywords: Li-ion battery; In-situ synthesis; Dealloying; Hierarchical nanoplate 41 

arrays; Anode 42 

 43 
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I. INTRODUCTION 45 

NOWADAYS, with the rapid development of industry and society, the excessive 46 

depletion of fossil fuels and increasing environment pollutions have become focus 47 

issues in human life, while green, clean and sustainable energy strategy is a valid 48 

solution. Li-ion battery, as a new kind of renewable energy storage device, can be 49 

expected to overcome the above-mentioned challenges effectively due to its high 50 

energy/power density, long cycle life, environment benignity, renewable utilization, 51 

and so on.[1-4] However, graphite anode widely used in currently commercial LIBs 52 

is seemingly difficult to meet the future-oriented demands in rechargable electrical 53 

vehicles and smart power grids in view of its inherent limitations in low theoretical 54 

specific capacity (372 mAh g-1), unsatisfactory rate capability and poor safety.[5-6] 55 

As a result, seeking high-performance anode materials is imperative. In recent years, 56 

transition metal oxides (TMOs, M=Fe, Mn, Co, Cu, etc.) with multi-electron 57 

conversion reactions proposed by Tarascon et al. have attracted considerable 58 

attention owing to higher specific capacity, longer cycle life and better rate ability.[7] 
59 

Among them, Cu2O is one of the most promising anode candidates in consideration 60 

of its unique physical characteristics, such as high safety, low cost, nontoxicity and 61 

abundant sources. Even so, there still exist many obvious drawbacks that need to be 62 

solved urgently before commercialization, especially for low electrical conductivity 63 

and rapid exfoliation of active materials caused by violent volume and structure 64 

changes during repeated electrochemical reactions, which would markedly reduce 65 

charge transport ability and thus lead to poor Li storage properties.[8] 66 
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To decrease the negative volume effects and improve the overall electrochemical 67 

performance, various Cu2O anodes with different nanostructure designs have been 68 

synthesized and probed widely in LIBs, such as nanoparticles,[9] nanorods,[10,11] 69 

nanowires,[12] nanospheres,[13] and nanoplates.[14,15] Among them, 2D nanoplate array 70 

structure can attract greater interests due to their large specific surface areas, unique 71 

charge transport pathways and multi-coupling quantum effects, leading to the 72 

improved electrochemical performance. For example, Song et al.[15] reported the 2D 73 

planar copper foil supported Cu2O nanoplate arrays fabricated by potentiodynamic 74 

electrodeposition, which exhibited gradually increasing reversible capacities from 323 75 

to 1206 mAh g-1 during 500 cycles. Obviously, compared to conventional 2D planar 76 

counterparts, 3D nanostructured substrates greatly facilitate to enhance permeability 77 

of organic electrolytes, as well as buffer huge volume and structure changes during 78 

repeated charge-discharge processes, achieving enhanced Li storage properties.[16] 79 

Typically, 3D nanoporous (NP) metals, being able to act as both current collector and 80 

substrate of active materials simultaneously, have many unique advantages towards 81 

application of LIBs, such as robust 3D skeleton, large contact surface area, good 82 

electrical conductivity, high electrochemical active sites and fast ion/electron transfer 83 

ability. As a result, integrating 3D NP substrate and 2D Cu2O nanoplate arrays might 84 

be a more rational and high-efficient strategy to further boost Li storage performance. 85 

Generally, template method can be used to prepare various 3D NP electrodes for LIBs, 86 

but it is always sophisticated, time-consuming and high-polluting, which would bring 87 

about a tough challenge for large-scale production in the industry.[17-21] Recently, 88 
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dealloying has been proved to be a simple and effective route to obtain diverse 3D NP 89 

structures, which has obvious merits of simple processing, nearly absolute yield, and 90 

being applicable for large-scale synthesis.[22-24] Nevertheless, at present, there are few 91 

reports on successful preparation of 3D NP/2D nanoplate array integrated structure 92 

by effective dealloying. Besides, in commercial electrodes, the widespread uses of 93 

poly(vinylidene fluoride) (PVDF) as an organic binder and acetylene black as a 94 

conductive agent largely tend to decrease energy and power densities as well as 95 

accelerate the deterioration of reversible capacity and cycle ability due to their 96 

electrical insulation and chemical inertness to Li+.[25,26] Therefore, achieving 97 

high-efficient preparation of binder-free integrated anodes for advanced LIBs is 98 

obligatory as well. 99 

Herein, freestanding 3D nanoporous Cu supported Cu2O hierarchical nanoplate 100 

arrays were fabricated in-situ by facile one-step electrochemical dealloying of as-cast 101 

Mn65Cu35 (at.%) alloy slices in the H2SO4 solution without removal of oxygen at the 102 

potential of 0.2 V (vs. SCE) (named as oxidation-assisted electrochemical dealloying). 103 

The as-prepared 3D nanocomposites are characteristic of in-situ growth of Cu2O 104 

HNPAs on uniform 3D nanoporous Cu (NPC) substrate, in which Cu2O HNPAs are 105 

composed of large-sized 2D Cu2O nanoplate arrays firmly embedded in small-sized 106 

counterparts. Compared with other CuxO-based electrode materials reported in the 107 

literature, the unique 3D nanocomposites as binder-free integrated anodes for LIBs 108 

display ultrahigh specific capacity, long cycle life and excellent rate capability, which 109 

can deliver a reversible capacity as high as 3.0 mAh cm-2 with 71.4% capacity 110 
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retention after 450 long-cycles at a current density of 2 mA cm-2. Even if the current 111 

density reaches 5 mA cm-2, an ultrahigh reversible capacity of 3.4 mAh cm-2 still can 112 

be achieved smoothly without obvious capacity decay after 250 cycles. It is totally 113 

comparable to or even exceeds the current level of commercial graphite anode, 114 

indicating a quite promising anode candicate for advanced LIBs. The formation 115 

mechanism of the unique 3D NPC@Cu2O HNPAs composites and their Li storage 116 

properties have been discussed in detail. 117 

II. EXPERIMENTAL 118 

The nominal Mn65Cu35 (at.%) alloy ingots were prepared from pure manganese 119 

(99.9 wt.%) and pure copper (99.99 wt.%) by vacuum induction furnace. The alloy 120 

ingots were cut into slices with thickness of ca. 600 μm by wire cutting machine, 121 

and then were ground and mechanically polished to remove oxidation layers on the 122 

surfaces. Energy dispersive X-ray (EDX) spectroscopy analysis showed the atomic 123 

percentage of Cu and Mn in the as-cast Mn-Cu alloy was quite closely to the designed 124 

composition, indicating the alloy slices can be further used in the following study 125 

(Table S1). Subsequently, the polished Mn65Cu35 alloy slices were electrochemically 126 

dealloyed in a 5 wt.% H2SO4 solution without removal of oxygen at a constant 127 

potential of 0.2V (vs. SCE) at room temperature (RT, ca. 25℃) for different times. 128 

The typical dealloying times range from 20 to 80 min. The dealloying process was 129 

carried out using an electrochemical workstation (CHI 760E) in a standard 130 

three-electrode cell (200 mL) with a Pt plate electrode as a counter electrode, a 131 

saturated calomel electrode (SCE) as a reference electrode, and the polished Mn-Cu 132 
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alloy slice as a working electrode. Upon the dealloying, the resultant samples were 133 

rinsed with distilled water and dehydrated alcohol (analytical grade) for several times, 134 

and then dried in a vacuum oven at 70℃ for 24 h. Finally, the 3D NPC@Cu2O 135 

HNPAs composites can be obtained, which were kept in a vacuum chamber to avoid 136 

further oxidation before utilization. 137 

Microstructural characterization and analysis of the initial Mn65Cu35 (at.%) alloy 138 

and as-dealloyed nanocomposites were carried out using X-ray diffraction (XRD, 139 

Rigaku D/Max-2400) with Cu K radiation (λ=1.5406 Å), scanning electron 140 

microscopy (FESEM, Hitachi S-4800) with an EDX analyzer, transmission electron 141 

microscopy (TEM, JEOL JEM 2100F) with selected-area electron diffraction (SAED), 142 

and high-resolution transmission electron microscopy (HRTEM, JEOL JEM 2100F). 143 

The surface chemical composition and valence state of the 3D nanocomposites were 144 

examined by X-ray photoelectron spectroscopy (XPS, PHI 5700). 145 

The resultant 3D NPC@Cu2O HNPAs composites as working electrodes were 146 

assembled into coin-type test cells (CR2032) in an Ar-filled glove box (LS-750D, 147 

DELLIX) with metal Li foil as both reference and counter electrodes, 1 M LiPF6 in 148 

a mixed solution of ethylene carbonate (EC), diethyl carbonate (DEC) and diethyl 149 

carbonate (DME) (1:1:1 by v/v/v) as electrolytes, as well as polypropylene (PP) 150 

microporous films (Cellgard 2400) as separators. Each half-cell was aged for over 151 

12 h at RT and then starting electrochemical tests. The galvanostatic 152 

charge-discharge tests were performed on a multichannel battery test system 153 

((NEWARE BTS-610, Neware Technology Co., Ltd, China) for a cut-off potential 154 



 8 

of 0.01-3.0 V (vs. Li/Li+) under different current densities at ambient temperature 155 

(AT). Cyclic voltammograms (CVs) were recorded using a CHI 760E 156 

electrochemical workstation between 0.01 to 3.0 V (vs. Li/Li+) at a scan rate of 0.1 157 

mV s-1. Electrochemical impedance spectroscopy (EIS) measurements were 158 

conducted over a frequency range from 0.01 Hz to 1 MHz with AC amplitude of 5 159 

mV. Besides, the Li-ion full cell also were assembled in the Ar-filled glove box by 160 

using the 3D NPC@Cu2O HNPAs electrode without any binder and conductive agent 161 

as an anode and LiCoO2 electrode as a cathode, which was fabricated by casting the 162 

slurry of LiCoO2 power, PVDF and acetylene black in a mass ratio of 8:1:1 in NMP 163 

organic solvent on Al foil and subsequently drying in a vacuum oven at 75℃ for 12 h. 164 

Celgard 2400 microporous film was used as a separator and 1 M LiPF6 was dissolved 165 

in a mixture of EC, DEC and DMC (1:1:1 by v/v/v) as the electrolyte. The 166 

electrochemical performance of the assembled full cells was measured further on the 167 

NEWARE multichannel battery test system at a voltage range of 0.8-3.7 V after aging 168 

for 24 h at AT. 169 

III. RESULTS AND DISCUSSION 170 

The in-situ preparation flow of freestanding 3D NPC@Cu2O HNPAs composites 171 

by the one-step oxidation-assisted electrochemical dealloying has been schematically 172 

illustrated in Figure 1a. Figure 1b-d shows the planar and cross-sectional SEM 173 

images of 3D NPC@Cu2O HNPAs composites by the one-step dealloying of as-cast 174 

Mn65Cu35 (at.%) alloy slices in the H2SO4 solution at 0.2 V (vs. SCE) for 80 min. 175 

As can be seen clearly in Figure 2b, a plenty of vertical nanoplate arrays were 176 
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interlaced regularly to form relatively uniform flower-like porous structure with a 177 

length scale of hundreds of nm. The SEM image in a higher magnification further 178 

exhibits that these vertical nanoplates possess smooth surfaces and feature sizes of ca. 179 

800 nm in length and ca. 50 nm in thickness (Figure 2c). Interestingly, note that there 180 

are many small-sized nanoplate arrays at the bottom of flower-like porous structure 181 

surrounded by the large-sized nanoplates. In order to observe them more clearly, the 182 

cross-sectional SEM image is further revealed in Figure 1d. It is obvious that the 183 

microstructure of the as-dealloyed products mainly involves three parts from bottom 184 

to top: uniform 3D NP substrate with ligament/pore sizes of tens of nm, small-sized 185 

interlaced nanoplate arrays with tens of nm in length and several nm in thickness, as 186 

well as larged-sized nanoplate arrays with hundreds of nm in length and tens of nm in 187 

thickness. Meanwhile, it can be found easily that the large-sized nanoplate arrays are 188 

firmly embedded in the small-sized counterparts that in-situ growing on the 3D NP 189 

substrate, in which the small-sized nanoplate arrays can serve as intermediate layers to 190 

effectively link up the large-sized counterparts with the 3D porous substrate. EDX 191 

analysis shows Cu and O elements can be detected simultaneously on the surfaces of 192 

the as-dealloyed products and their atomic ratio is quite closely to 2:1, suggesting that 193 

these vertical nanoplate arrays are composed of Cu2O (Figure 1e); in contrast, nearly 194 

single Cu element can be determined at the bottom of the as-dealloyed products, 195 

indicating that the 3D porous substrate is Cu (Figure S1). Besides, EDX mapping 196 

results in Figure 1f-g further reveal the fairly uniform distribution of Cu and O 197 

elements on the surfaces of the 3D composites. Figure 1h clearly displays the regional  198 



 10 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

   209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

Figure 1. (a) Schematic of preparation process of freestanding 3D NPC@Cu2O 231 

HNPAs composites. (b,c) Planar and (d) cross-sectional SEM images of 3D 232 

NPC@Cu2O HNPAs composites by electrochemical dealloying of as-cast Mn65Cu35 233 
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(at.%) alloy slices in the H2SO4 solution without removal of oxygen at 0.2 V (vs. SCE) 234 

for 80 min. The inset in part b is the typical digital picture of 3D NPC@Cu2O HNPAs 235 

composites. (e) EDX spectrum and (f,g) Cu, O mapping results of surface structure of 236 

3D NPC@Cu2O HNPAs composites. (h and inset) TEM image and SAED pattern of 237 

3D NPC@Cu2O HNPAs composites. (i and inset) High-magnification TEM and 238 

HRTEM images of a typical Cu2O nanoplate in 3D NPC@Cu2O HNPAs composites. 239 

 240 

TEM image of the 3D NPC@Cu2O HNPAs composites, in which the small-sized 241 

nanoplate arrays in-situ grow on the 3D NP substrate. The SAED pattern 242 

corresponding to one nanoplate exhibits an equilateral hexagon pattern, which stems 243 

from the cubic Cu2O [1
—

11] zone axis, indicating its typical single crystalline feature 244 

(inset of Figure 1h). Moreover, the high-magnification TEM image of a typcial 245 

small-sized ultrathin nanoplate is displayed in Figure 1i, in which the lattice fringe 246 

with interplanar spacing of 0.246 nm throughout the whole nanoplate in the HRTEM 247 

image further certifies its single crystal nature. Thus, we can herein define the unqiue 248 

Cu2O nanoplate arrays with two kinds of feature sizes as Cu2O HNPAs and the 249 

distinct 3D composites with three kinds of typical structures as 3D NPC@Cu2O 250 

HNPAs. 251 

Figure 2a shows the XRD patterns of the initial Mn65Cu35 (at.%) alloy and resultant 252 

3D nanocomposites by the one-step dealloying. As can be seen clearly, for the initial 253 

Mn-Cu alloy, the diffraction peaks located at 2θ=41.9° and 48.1° correspond well to 254 

(101) and (110) planes of tetragonal (Mn, Cu) solid solution (JCPDS No. 04-0823). In 255 

contrast, for the 3D composites upon the dealloying, the three strong diffraction peaks 256 

situated at 2θ=43.3°, 50.4° and 74.1° match with (111), (200) and (220) planes of f.c.c 257 

Cu phase (JCPDS No. 48-1548), while other diffraction peaks located at 2θ=29.5°, 258 
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36.4°, 42° and 61.4° assign to (110), (111), (200) and (220) planes of cubic Cu2O 259 

(JCPDS No. 34-1354), exactly indicative of the co-existence of Cu2O and Cu in the 260 

as-dealloyed products. This is well coincident with the EDX results. 261 

 262 
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 273 

Figure 2. (a) XRD patterns of initial Mn65Cu35 alloy and resultant 3D NPC@Cu2O 274 

HNPAs composites by the one-step oxidation-assisted electrochemical dealloying. (b) 275 

XPS survey spectra of 3D NPC@Cu2O HNPAs composites. (c,d) High-resolution 276 

XPS spectra of Cu 2p and O 1s for 3D NPC@Cu2O HNPAs composites. 277 

  278 

The surface chemical composition and valence state of the as-synthesized 3D 279 

nanocomposites are measured further by XPS, as presented in Figure 2b-d. Obviously, 280 

the signal peaks of Cu and O elements can be detected simultaneously on the sample 281 

surfaces in a relatively wide range of binding energy (Figure 2b). The high-resolution 282 

XPS spectrum of Cu 2p in Figure 2c further displays the two peaks located at 952.2 283 
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and 932.4 eV, corresponding to the Cu 2p1/2 peak of Cu(I) as well as the Cu 2p3/2 peak 284 

of Cu(I) and/or Cu(0), respectively.[27] Thus, it is necessary to further investigate the 285 

high-resolution O 1s spectrum in order to distinguish Cu(I) from Cu(0), as shown in 286 

Figure 2d. Obviously, the high-resolution XPS spectrum of O 1s can be decomposed 287 

into two fitting peaks, in which the peak at 530.3 eV corresponds to lattice oxygen 288 

within cuprous oxide, while the other peak at 531.4 eV may be from O2 adsorbed 289 

physically on sample surfaces.[28] The present XPS results further confirm that Cu2O 290 

is the single product formed on the sample surfaces during the dealloying, which is in 291 

good line with the EDX and XRD analysis above. 292 

In order to reveal the formation process during the electrochemical dealloying, the 293 

microstructure evolution with dealloying times of 3D NPC@Cu2O HNPAs 294 

composites was investigated further, as depicted in Figure 3. As the dealloying time is 295 

just 20 min, the small-sized Cu2O nanoplate arrays with uniform distribution and 296 

interlaced arrangement can be formed well to make up the regular flower-like porous 297 

structure in the same scale, while just a few uneven, isolated large-sized counterparts 298 

can be observed simultaneously (Figure 3a). Note that the 3D NP substrate has been 299 

well-created at this moment, as shown in the inset of Figure 3a. With the gradual 300 

increase of dealloying time from 20 to 60 min, the large-sized Cu2O nanoplate arrays 301 

grow more, larger and denser to be interlaced with each other and firmly embedded in 302 

the small-sized counterparts (Figure 3b-c); in contrast, the 3D NP substrate has no 303 

obvious structure change other than slight coarsening (insets of Figure 3b-c). As the 304 

dealloying time reaches 80 min, the uniform large-sized Cu2O nanoplate arrays 305 
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 318 

Figure 3. The microstructure evolution of 3D NPC@Cu2O HNPAs composites during 319 

electrochemical dealloying at the potential of 0.2 V (vs. SCE) for (a) 20 min, (b) 40 320 

min, (c) 60 min, and (d) 80 min. The insets in parts a-d are the corresponding 321 

cross-sectional SEM images. Scale bar: 250 nm. (e) Schematic illustration of the 322 

in-situ formation of 3D NPC@Cu2O HNPAs composites. 323 

 324 

with regular flower-like porous structure can be achieved perfectly on the 3D NP 325 

substrate, eventually leading to the in-situ formation of 3D NPC@Cu2O HNPAs 326 

composites (Figure 3d). The schematic of formation process has been systematically 327 

summarized in Figure 3e. On the other hand, we also can exploratively elucidate their 328 

evolution mechanism at the atomic level. At the beginning of the dealloying, the Mn 329 

atoms in the initial Mn-Cu alloy continuously dissolve into the solution and the 330 
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remaining Cu will reassemble to form the 3D NP structure by rapid surface diffusion 331 

along the alloy/solution interfaces, which has been well-demonstrated in the previous 332 

literature;[29,30] meanwhile, the dissolved active oxygen radical (•O) in the H2SO4 333 

solution can be arrested fast by activated Cu atoms on the 3D NP surfaces with 334 

unsaturated bond and high surface energy to generate a large number of small-sized 335 

and a small number of large-sized Cu2O nanoplate arrays under the effect of applied 336 

electric field. With the dealloying time continually increasing, more small-sized Cu2O 337 

nanoplates with suitable orientation will grow up preferentially to become the 338 

large-sized counterparts, while the escalation of large-sized Cu2O nanoplates in turn 339 

inhibits the preferred orientation and subsequent growth of small-sized counterparts, 340 

finally resulting in the in-situ formation of Cu2O HNPAs on the 3D NP substrate. This 341 

is in good accordance with the SEM observations described above. 342 

To verify its superiority as a binder-free integrated anode for LIBs, the Li storage 343 

properties of 3D NPC@Cu2O HNPAs composites were investigated systematically; 344 

meanwhile, for clear comparison, the 2D copper foil supported Cu2O microparticles 345 

(2D CF@Cu2O MPs) also were prepared by simple two-step thermal treatments of 2D 346 

CF in air at 550℃ for 1 h and then in Ar at 700℃ for 2 h (see the Supplementary 347 

Material for detailed preparation process and related SEM, EDX, XRD results, Figure 348 

S2). Figure 4a shows the initial three-cycle CVs of 3D NPC@Cu2O HNPAs electrode 349 

between 0.01 and 3.0 V (vs. Li/Li+) at a scan rate of 0.1 mV s-1. Obviously, just a 350 

broad cathodic peak can be found easily at 0.87 V (vs. Li/Li+) in the first negative 351 

scan, which essentially corresponds to the overlap of two cathodic peaks involving 352 
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Figure 4. (a) CVs of 3D NPC@Cu2O HNPAs electrode ranging from 0.01 to 3.0 V 375 

(vs. Li/Li+) at a scan rate of 0.1 mV s-1. (b) Potential vs. capacity plots of 3D 376 

NPC@Cu2O HNPAs electrode at a current density of 2 mA cm-2. (c) Cycle 377 

performance of 3D NPC@Cu2O HNPAs and 2D CF@Cu2O MPs electrodes at a 378 

current density of 2 mA cm-2. (d) Galvanostatic charge-discharge curves of 3D 379 

NPC@Cu2O HNPAs electrode at an elevated current density of 5 mA cm-2. (e) Rate 380 

capability profiles of 3D NPC@Cu2O HNPAs electrode at different current densities. 381 

Nyquist plots of (f) 3D NPC@Cu2O HNPAs and 2D CF@Cu2O MPs electrodes 382 

before cycling, and (g) 3D NPC@Cu2O HNPAs electrode after 20, 200 and 450 383 

charge-discharge cycles. Insets in part g are the locally amplified high-frequency zone 384 

and equivalent circuit of EIS of 3D NPC@Cu2O HNPAs electrode after cycling. 385 

 386 

reduction of Cu2O to Cu (Cu2O + 2Li+ + 2e- → 2Cu + Li2O) and formation of solid 387 

electrolyte interface (SEI) films between Cu2O and electrolyte, respectively.[31-33] In 388 

contrast, in the first positive scan, there are two apparent anodic peaks located at 1.53 389 

and 2.51 V (vs. Li/Li+), which can be ascribed well to the decomposition of SEI films 390 

and reverse conversion of Cu to Cu2O (2Cu + Li2O → 2Li+ + 2e- + Cu2O).[7] It should 391 

be noted, however, that in the second negative scan, the initial board reduction peak at 392 

0.87 V (vs. Li/Li+) disappears and instead two new reduction peaks at 1.58 and 0.78 V 393 

(vs. Li/Li+) emerge, designating to the reduction of Cu2O and formation of SEI films, 394 

respectively. Compared to the first negative scan, the obvious positive shift of 395 

reduction potential of Cu2O in the second scan is closely related to the significant 396 

decrease in feature size of Cu2O from micron to nanometre after the initial lithiation 397 

reaction.[34-36] In addition, the 2nd and 3rd CVs are well overlapped with each other, 398 

indicating its excellent cycling stability and electrochemical reversibility. 399 

Figure 4b displays the potential vs. capacity profiles of 3D NPC@Cu2O HNPAs 400 

electrode with a cut-off potential of 0.01-3.0 V (vs. Li/Li+) at a current density of 2 401 

mA cm-2. As can be seen clearly, the 1st discharge and charge processes delivered the 402 
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ultrahigh specific capacities of 9.2 and 4.2 mAh cm-2, respectively, with ca. 46% 403 

coulombic efficiency. The initial capacity loss mainly stems from the partial 404 

irreversible conversion of Cu2O, formation of SEI films and interfacial spaces 405 

consuming lots of Li+.[37] In fact, this phenomenon can be found in most 406 

TMOs-based electrode materials.[5,38] The 2nd and 10th charge processes delivered 407 

the reversible specific capacities as high as 4.1 and 3.9 mAh cm-2 with 97.6% and 408 

92.9% capacity retentions respectively, suggesting its favorable structure stability 409 

during repetitive lithiation-delithiation processes. Note that the difference between 410 

charge and discharge capacities is only 0.09 and 0.01 mAh cm-2 for the 2nd and 10th 411 

cycles, as well as the 10th charge-discharge profile can overlap well with the 2nd one, 412 

fully demonstrating its excellent electrochemical reversibility. Additionally, the 1st 413 

discharge plateau from 1.2 to 0.8 V (vs. Li/Li+) can be replaced completely by two 414 

new counterparts from 1.75 to 1.5 V (vs. Li/Li+) and 1.0 to 0.75 V (vs. Li/Li+) in the 415 

subsequent cycles, which is in good agreement with the CVs in Figure 4a. 416 

Figure 4c displays the cycle performance of 3D NPC@Cu2O HNPAs electrode at a 417 

current density of 2 mA cm-2; meanwhile, the counterpart of 2D CF@Cu2O MPs 418 

electrode also is tested under the same conditions. Compared to the 2D electrode, the 419 

3D NPC@Cu2O HNPAs electrode shows the notably higher specific capacity, longer 420 

cycle life and more steady coulombic efficiency, indicating that the unique 3D 421 

electrode architecture plays a critical role in increasing the active material loadings, 422 

alleviating the large volume change and improving the structural stability. Specifically, 423 

after a quite slight capacity decrease in the initial several cycles, the 3D NPC@Cu2O 424 
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HNPAs electrode retains superior cycling ability with reversible capacity retentions of 425 

ca. 88.1% after 100 cycles and over 71.4% after elongated 450 cycles. Except for the 426 

first several cycles, its coulombic efficiency is always beyond 99.6%, indicative of 427 

outstanding electrochemical reversibility. Typically, the reversible specific capacities 428 

of 3.91, 3.73 and 3.51 mAh cm-2 can be reached at the 50th, 100th and 150th cycles 429 

for the 3D electrode, respectively. Even if after 450 long-cycles, it still can deliver an 430 

ultrahigh reversible capacity of 3.0 mAh cm-2 steadily, which is totally comparable to 431 

or even exceeds the current level of commercial graphite anode. In contrast, the 432 

reversible capacities of 1.77, 0.95 and 0.73 mAh cm-2 can be obtained for the 2D 433 

electrode at the 10th, 50th and 100th cycles respectively, which is just one fifth less 434 

than the 3D electrode after 100 cycles. Particularly, the reversible capacity of the 2D 435 

electrode drastically decreases from the beginning and only 30.5% capacity retention 436 

remains at the 100th cycle. The poor capacity retention is mainly related to the 2D 437 

planar substrate structure and compact stacking of active material in micron scale, 438 

which would result in the inadequate buffering of mechanical strain caused by large 439 

volume variation during repeated lithiation-delithiation processes as well as the rapid 440 

exfoliation of active material from the 2D planar substrate surface. To further confirm 441 

the superiority of 3D NPC@Cu2O HNPAs electrode, the galvanostatic 442 

charge-discharge curve was recorded at an elevated current density of 5 mA cm-2, as 443 

shown in Figure 4d. It is exciting that the reversible capacity as high as 3.4 mAh cm-2 
444 

can be obtained smoothly without obvious capacity decay after 250 cycles, indicating 445 

its superior cycling stability. Additionally, the Li storage property of 3D NPC@Cu2O 446 
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HNPAs electrode was systematically compared with other CuxO-based composite 447 

electrodes with different nanostructure designs reported in the recent literature, as 448 

listed in detail in Table S2. Evidently, the better cycling stability and longer cycle life 449 

can be achieved well in the 3D NPC@Cu2O HNPAs electrode. 450 

The rate capability of 3D NPC@Cu2O HNPAs electrode was tested further under 451 

different current densities, as presented in Figure 4e, which is another key assessment 452 

for electrochemical properties of LIBs. Clearly, the discharge and charge capacities 453 

gradually decrease with the continual increase of current density, which is closely 454 

associated with the increasing electrode polarization; however, note that the capacity 455 

difference between adjacent current densities is always very small and the reversible 456 

capacity can promptly recover as the current density gets back to the initial value 457 

again, implying its excellent structure stability and rate performance. Typically, the 458 

large reversible capacities of 5.0, 4.8, 4.5, 4.1, 3.3 and 2.6 mAh cm-2 can be attained 459 

after each 10 cycles at the current densities of 1, 2, 3, 4, 5 and 6 mA cm-2, respectively. 460 

When the current density returns to 1 mA cm-2 again, the reversible capacity quickly 461 

rises to 5.17 mAh cm-2, maintaining as high as ca. 103% capacity retention relative to 462 

that of the 10th cycle at the same current density, which is likely owing to the 463 

fractional decomposition of SEI films and organic electrolyte.[39-42] Note that after 464 

experiencing a series of high-rate charge-discharge processes, the reversible specific 465 

capacity still can reach 5.2 mAh cm-2 after 70 cycles, suggesting its superior rate 466 

capability. This can be largely attributed to the unique 3D electrode architecture 467 

comprising HNPAs and NP substrate, which can not only accelerate the electrolyte 468 
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permeation, but provide the fast Li+/electron transfer channels at electrode/electrolyte 469 

and current collector/active material interfaces. In addition, the small-sized Cu2O 470 

nanoplate arrays can act as intermediate layers to closely connect the large-sized 471 

nanoplate arrays with lots of electrochemical active sites to the 3D NP substrate with 472 

good electrical conductivity, thus enhancing the binding force between active material 473 

and substrate as well as improving the structure integrity of electrode markedly. 474 

To further reveal the Li+ and electron transfer kinetics, the Nyquist plots of 3D 475 

NPC@Cu2O HNPAs and 2D CF@Cu2O MPs electrodes before and after cycling were 476 

investigated by EIS, as depicted in Figure 4f-g. It is obvious that all Nyquist plots 477 

consist of a compressed semicircle in high-medium frequency area, the diameter of 478 

which stands for charge transfer resistance (Rct) related to electrochemical reactions 479 

on electrode/electrolyte interfaces, and an oblique line in low frequency area closely 480 

associated with Li+ diffusion coefficient in electrode materials.[27,43-45] As indicated in 481 

Figure 4f, the 3D electrode before cycling has a significantly low Rct (ca. 280 Ω) 482 

compared to that of the 2D electrode (ca. 600 Ω), implying its better conductivity. 483 

Note that the Rct of the 3D electrode reduces fiercely after 20 cycles (ca. 40 Ω); even 484 

after 200 and 450 cycles, the Rct values still can be determined to be just ca. 120 and 485 

140 Ω, slightly greater than that after 20 cycles but far lower than those of the original 486 

2D and 3D electrodes, fully demonstrating the excellent Li+/electron transfer abilities 487 

of the 3D electrode during cycling. To understand this issue from a quantitative 488 

perspective, the equivalent circuit of EIS of 3D NPC@Cu2O HNPAs electrode has 489 

been fitted further, as depicted in the inset of Figure 4g. It is mainly composed of 490 
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related circuit models including electrolyte resistance Rs, charge transfer resistance Rct, 491 

Warburg impedance of Li+ diffusion in electrode Wo, and space charge capacitance at 492 

electrode/electrolyte interface CPE. Clearly, the Rs and Rct values of the 3D electrode 493 

can be identified to be ca. 9.6 and 36.2 Ω after 20 cycles, 5.4 and 113.5 Ω after 200 494 

cycles, as well as 8.6 and 138.1 Ω after 450 cycles, respectively. The present results 495 

manifest that the unique 3D electrode architecture design (uniform 3D NP substrate, 496 

Cu2O HNPAs and good binding force between them by in-situ growth and compact 497 

joint of intermediate nanolayer) greatly facilitates to shorten the Li+ diffusion distance, 498 

enhance the electron transfer ability and improve the electrode/electrolyte wettability. 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

Figure 5. SEM images of (a,b) 3D NPC@Cu2O HNPAs electrode after 450 510 

long-cycles and (c,d) 2D CF@Cu2O MPs electrode after 100 cycles at the current 511 

density of 2 mA cm-2. 512 

 513 

Figure 5a-b shows the microstructure and surface morphology of 3D NPC@Cu2O 514 

a b 

c d 
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HNPAs electrode after cycling at the current density of 2 mA cm-2. It is clear that the 515 

nearly perfect Cu2O HNPAs still can be observed after 450 charge-discharge cycles as 516 

well as no obvious cracking, pulverization and exfoliation of Cu2O nanoplates take 517 

place on the electrode surfaces. It indicates that the unique 3D electrode has favorable 518 

structural stability and strong adhesive strength, thus buffering mechanical strain and 519 

volume variation effectively during repeated lithiation-delithiation processes. Note 520 

that the height of flower-like porous structure formed by large-sized Cu2O nanoplates 521 

after cycling appears to be shortened relative to the pristine one, which probably roots 522 

in the residual organic electrolyte and bi-products related to SEI formation at the 523 

bottom of porous structure.[46] Moreover, the high-magnification SEM image further 524 

exhibits the slight coarsening of Cu2O nanoplates and partial shutdown of porous 525 

window due to the accumulated incomplete delithiation during cycling, which would 526 

impede the electrolyte penetration and further reaction with internal active material, 527 

thus leading to the gradual loss of reversible capacity during elongated cycling 528 

(Figure 5b). In contrast, the surface morphology of 2D CF@Cu2O MPs electrode after 529 

cycling was also characterized, as displayed in Figure 5c-d. Obviously, the 2D planar 530 

electrode was subjected to severe structure damage with large-scale cracking, 531 

pulverization and detachment of Cu2O MPs from the 2D electrode surfaces just after 532 

100 cycles (Figure 5c), which is closely related to the huge volume change and 533 

insufficient cushion of mechanical strain during repetitive lithiation-delithiation 534 

processes. It is worthwile noting that the SEM image in a higher magnification 535 

(Figure 5d) further uncovers the extensive microcracking and serious agglomeration 536 
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in the surviving Cu2O MPs after cycling, confirming that the 2D planar electrode 537 

cannot effectively accommodate the huge volume change and maintain the structure 538 

stability during continuous electrochemical reactions, thus giving rise to the 539 

unsatisfactory Li storage performance. 540 

Herein, the 3D NPC@Cu2O HNPAs//LiCoO2 Li-ion full cell was also assembled 541 

by using the 3D composite as an anode and commercial LiCoO2 as a cathode to 542 

further verify its superiority for potential application in LIBs. As indicated in Figure 543 

6a, the voltage vs. capacity profiles of 3D NPC@Cu2O HNPAs//LiCoO2 full cell 544 

were measured in a voltage range of 0.8-3.7 V at a current density of 1 mA cm-2. 545 

Clearly, the initial three-cycle discharge processes (Li+ transfer from 3D NPC@Cu2O 546 

HNPAs to LiCoO2) delivers the high reversible capacities of 2.49, 2.54 and 2.56 mAh 547 

cm-2, respectively. Note that the slight capacity increase is mainly owing to the 548 

activation of 3D electrode via continual permeation of organic electrolyte at the initial 549 

stage of cycling. Moreover, the 1st coulombic efficiency reaches as high as 83.83%, 550 

as well as the charge-discharge profiles of 2nd and 3rd cycles overlap well with each 551 

other, implying the excellent electrochemical reversibility. Figure 6b shows the cycle 552 

performance of 3D NPC@Cu2O HNPAs//LiCoO2 full cell at a current density of 1 553 

mA cm-2. Analogously, the phenomenon on slight increase of discharge capacity also 554 

can be observed in the initial several cycles. After that, the Li-ion full cell exhibits the 555 

good cycling stability and long cycle life with 80.3% capacity retention after 50 556 

cycles, indicating its superior cycling ability. Excitingly, a relatively high reversible 557 

capacity of 1.78 mAh cm-2 still can be reached smoothly after 100 cycles, which 558 
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retains as high as 71.5% capacity retention. Typically, a digital picture of a group of 559 

light-emitting diodes (LEDs) lit by the assembled Li-ion full cell with full-charged 560 

state after 100 cycles was exhibited in the inset of Figure 6b, further manifesting the 561 

good availability of 3D NPC@Cu2O HNPAs anode toward advanced LIBs. 562 

 563 

 564 

 565 

 566 

 567 

 568 

Figure 6. (a) Voltage vs. capacity profiles of 3D NPC@Cu2O HNPAs//LiCoO2 full 569 

cell at a current density of 1 mA cm-2; (b) Cycle performance curves of 3D 570 

NPC@Cu2O HNPAs//LiCoO2 full cell at a current density of 1 mA cm-2, in which the 571 

inset presents a digital picture of a group of LEDs lit by the assembled full cell with 572 

full-charged state after 100 cycles. 573 

 574 

Compared to 2D CF@Cu2O MPs electrode, the superb electrochemical properties 575 

of as-prepared 3D NPC@Cu2O HNPAs electrode by the one-step dealloying strategy 576 

demonstrate the intrinsic advantages of in-situ growth of Cu2O HNPAs upon 3D NP 577 

substrate, as illustrated in Figure 7, which can be explained in detail as follows. (1) 578 

The Cu2O HNPAs with large specific surface areas not only can provide more 579 

electrochemical active sites reacting with Li+ in organic electrolyte, but also cause 580 

smaller mechanical strain related to volume expansion and contraction during 581 

lithiation-delithiation reactions. (2) The unique 3D electrode configuration comprising 582 

HNPAs and NP substrate facilitates the rapid permeation of electrolyte, shortening of 583 
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Li+ diffusion distance between electrode and electrolyte, and optimization of electron 584 

transfer pathways. (3) The abundant space designed among vertical Cu2O nanoplates 585 

can effectively buffer huge volume and structure changes during charge-discharge 586 

processes, maintaining good structure stability. (4) The good binding force between 587 

Cu2O HNPAs and NPC substrate by in-situ growth and intermediate layer joint can 588 

markedly prevent Cu2O nanoplates from cracking, pulverization and rapid exfoliation, 589 

realizing good structure integrity. (5) The nonuse of any binders and conductive 590 

agents may further ameliorate energy and power densities as it is assembled into LIBs. 591 

Besides, the developed in-situ oxidation-assisted electrochemical dealloying strategy 592 

also has the characteristics of simple process, low cost and less energy consumption, 593 

which could be promoted conveniently within the industry. Therefore, we believe that 594 

this present work offers a considerably promising binder-free TMOs-based integrated 595 

anode candidate towards practical application of advanced LIBs. 596 

 597 

Figure 7. Schematic illustration of lithiation-delithiation processes of 3D NPC@Cu2O 598 

HNPAs electrode. 599 

  600 

IV. CONCLUSIONS 601 
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In summary, we developed a facile and effective one-step strategy to synthesize the 602 

freestanding 3D NPC@Cu2O HNPAs composites through electrochemical dealloying 603 

of as-cast Mn65Cu35 (at.%) alloy in the H2SO4 solution without removal of oxygen. 604 

The as-made 3D nanocomposites are typical of in-situ growth of Cu2O HNPAs on 605 

uniform 3D NPC substrate, in which Cu2O HNPAs consist of large-sized 2D Cu2O 606 

nanoplate arrays firmly embedded in small-sized counterparts. Compared to other 607 

CuxO-based electrode materials reported in the literature, the unique 3D 608 

nanocomposites as binder-free integrated anodes for LIBs exhibit significantly 609 

boosted Li storage performance with ultrahigh initial reversible capacity of 4.2 mAh 610 

cm-2 and 71.4% capacity retention after 450 cycles at 2 mA cm-2. Even if the current 611 

density reaches 5 mA cm-2, an ultrahigh reversible capacity of 3.4 mAh cm-2 still can 612 

be achieved smoothly without obvious capacity decay after 250 cycles. This can be 613 

mainly attributed to the unique 3D electrode structure comprising HNPAs and NP 614 

substrate, large contact area between active material and electrolyte, in-situ growth of 615 

active material upon porous substrate, compact joint of small-sized intermediate 616 

layers, and good mass transfer among vertical hierarchical nanoplates, which can 617 

effectively buffer huge volume and structure variations during charge-discharge 618 

processes, provide more electrochemical active sites for lithiation/delithiation 619 

reactions, enhance binding force between active material and substrate, shorten Li+ 620 

diffusion distance and improve electrical conductivity. Based on their excellent Li 621 

storage properties, easy preparation and low cost, we believe that this present work 622 

provides a brand-new and high-efficiency route to construct promising TMOs-based 623 
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nanostructured anode candidates toward practical application of advanced LIBs. 624 
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