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1. Introduction

With the development of modern indus-
tries, the energy crisis is becoming one of 
the most urgent issues which need to be 
resolved in our life.[1] Therefore, explora-
tion of sustainable and renewable energy 
from solar, wind, biomass power, etc., is 
considered to be the top priority.[2] Effective 
utilization of these energy demands highly 
efficient energy storage systems. Among 
these potential candidates, sodium-ion 
batteries (SIBs) have drawn much atten-
tion and gained fast development thanks 
to rich sodium resources and its low cost 
($135–165 per ton for Na2CO3 , which is 
only ≈3% of that of Li2CO3).[1d,2c,3] How-
ever, SIBs usually display lower capaci-
ties and shorter cycle life compared with 
lithium-ion batteries (LIBs) due to larger 
structural strain and volume changes 
upon sodiation/desodiation, especially for 
alloying anode.[4] Thus, it is highly nec-
essary to probe efficient electrode mate-
rials those can well accommodate the 
large volume expansion/contraction upon 
cycling. To effectively address these issues, 

several strategies are generally employed, including 1) synthesis 
of special architectures, such as 3D porous structure, to reduce 
ion diffusion distance and accommodate volume changes,[5] 
2) alloying with active or inactive elements to partially buffer 
volume changes,[6] 3) designing and building alloy/C com-
posites to alleviate volume changes and structure stability,[7] 
4) surface engineering to maintain structure stability through 
preventing the reaction between active materials and electro-
lyte during the repeated sodiation/desodiation process,[6d,8] and  
5) synthesis of self-supported nanoarchitectured array struc-
tures to reduce electron and ion transfer distance meanwhile 
accommodate volume changes.[5b,8b,9]

Although the above various nanostructures can effectively 
mitigate the volume expansion effect of alloying anode at a 
material level, it is difficult for avoiding the delamination of 
active components from traditional flat Cu current collector 
owing to a large volume variation, which strongly rely on the 
uniform mixing process of the active materials, conductive 

Alloying electrodes are regarded as promising anodes for lithium/sodium 
storage thanks to their multielectron reaction capacity, moderate voltage 
plateau, and high electrical conductivity. However, huge volume change 
upon cycling, especially for sodium storage, usually causes the loss of 
electrical connection between active components and their delaminations 
from traditional current collectors, thus leading to rapid capacity decay. 
Herein, a unique 3D current collector is assembled from 1D nanowire 
arrays anchored on 3D porous Cu foams for constructing core-shelled 
Cu@Sb nanowires as advanced sodium-ion battery (SIB) anodes. The 
so-formed hierarchical 3D anode with interconnected 3D micrometer 
sized pores and abundant voids between nanowires not only effectively 
accommodates the structural strains during repeated cycling but also 
ensures the structural integrity and contributes to a uniform ion/electron 
scattered distribution throughout the whole surface. When employed 
as anodes for SIBs, the obtained electrode shows a high capacity of 
605.3 mAh g−1 at 330 mA g−1, and demonstrates a high capacity retention 
of 84.8% even at a high current density of 3300 mA g−1. The 3D nanowire 
arrayed Cu current collector in this work can offer a promising strategy 
for designing and building advanced alloy anodes for lithium/sodium 
storage.
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agent and binder, and their good interconnection with each 
other. In this context, developing nanoscale 3D current collector 
for constructing alloying anode will be an effective approach 
because it cannot only controllably construct nanoscale alloying 
anode but also achieve robust interconnection between active 
components and current collector at a nanoscale. In this work, 
we choose Sb as an alloying anode case for demonstrating such 
nanoscale 3D current collector in the use for SIBs since anti-
mony (Sb) is considered to be one appealing candidate owing 
to its theoretical capacity reaches 660 mAh g−1 considered the 
reversible reaction Sb + 3Na+ → Na3Sb, flat charge/discharge 
plateaus with moderate sodium intercalation/deintercalation 
potentials (≈0.8 V), and excellent electrical conductivity.[6b,10] 
However, Sb suffers remarkable volume changes (≈290%) 
during sodiation/desodiation, resulting in pulverization/exfo-
liation of Sb active particles and solid electrolyte interphase 
(SEI) film continuous growing.[6b,10a,11] It is expected that elec-
trochemical properties of such 3D current collectors-based 
alloying anode would be simultaneously guaranteed at the both 
material level and electrode level.

Herein, we report an unique 3D current collector assembled 
from 1D nanowire arrays anchored on 3D porous Cu foams 
for constructing core-shelled Cu@Sb nanowires as advanced 
SIB anode. In this contribution, Cu nanowire arrays are grown 
on 3D porous Cu through anodizing and subsequent high-
temperature reduction, as shown in Figure 1. First, the pore 
walls of 3D porous Cu (produced via an electroless plating, and 
the pore size is about 5 µm) are cover by Cu(OH)2 nanowire 
arrays via anodizing (denoted as 3D Cu(OH)2 NWAs). Then, 
3D Cu(OH)2 NWAs are heat treated under Ar and Ar-H2 atmos-
phere subsequently to achieve Cu nanowire arrays anchored 
on 3D porous Cu (denoted as 3D Cu NWAs). Finally, a thin 
film of Sb is electrochemical deposited on 3D Cu NWAs and 
named as Sb@3D Cu NWAs. The macropores and voids 
between nanowire arrays in Sb@3D Cu NWAs electrode 
can offer rapid transfer channels for Na+ and accommodate 
the volume changes during Na storage as well. Besides, the 
nanowire arrays can reduce the electron transfer distance as 
well. Under the synergetic effect of 3D porous structure and 
nanowire arrays, Sb@3D Cu NWAs electrode demonstrates 
an outstanding electrochemical performance when directly 
evaluated as a self-supported and binder-free electrode for 

sodium electrochemical storage. The reversible capacity has a 
high value of 605.3 mAh g−1 at 330 mAh g−1 and an ultrahigh 
retention of 92.7% (561.1 mAh g−1) remained when suffered  
200 cycles. Even cycled at a high current density of 3300 mA g−1, 
Sb@3D Cu NWAs electrode displays a high capacity reten-
tion of 84.8% (554.6 mAh g−1). Moreover, we also demonstrate 
the full cell performance of the as-prepared unique electrode, 
showing high energy density of 263 Wh kg−1. Such findings 
manifest a great prospect of the proposed 3D current collector 
in practical battery or other related energy storage applications.

2. Results and Discussion

To enhance the sodium storage of element Sb as the anode 
for SIBs, Cu nanowire arrays anchored on 3D porous Cu (3D 
Cu NWAs) are constructed using anodizing for preparing 3D 
Cu(OH)2 nanowire arrays (denoted as 3D Cu(OH)2 NWAs) cou-
pled with subsequent annealing and reduction. First, Linear 
sweep voltammetry (LSV) of 3D porous Cu in the electro-
lyte containing 0.3 m NaOH was carried out to determine the 
anodizing electrode potential for preparing 3D Cu nanowire 
arrays, and Figure 2 shows the corresponding profiles. From 
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Figure 1. Schematic illustration of the preparation process of in situ growing Cu nanowire arrays on 3D porous Cu. a) 3D porous Cu. b) 3D Cu(OH)2 
NWAs. c) 3D Cu2O NWAs. d) 3D Cu NWAs. e) Sb@3D Cu NWAs.

Figure 2. Linear sweep voltammetry (LSV) curves of the 3D porous Cu, 
Cu foil, and Ni foil in electrolytes containing 0.3 m NaOH, respectively. 
Each wave is labeled. Primes distinguish peak location and represent the 
same peak in for every LSV where present.
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open circuit potential (−0.5 vs Hg/HgO) to −0.35 V, there is 
no current, indicating no electrode reaction (Figure 2a). Then, 
there appears an anodic peak a at −0.2 V, presenting the elec-
trode reaction (Cu + 2OH− – 2e− → Cu(OH)2) (Figure 2a). 
Besides, there appears an anodic peak at 0.35 V coupled with 
a shoulder peak at 0.6 V (Figure 2a). As shown from Video S1 
in the Supporting Information (anodizing of 3D porous Cu at 
0.6 V), there are a large number of bubbles releasing at 0.6 V, 
indicating O2 formation. To better learn the involved electro-
chemical reactions during the anodizing process of 3D porous 
Cu, the LSV curves of Cu and Ni foils are also tested in the 
same condition. It can be observed that the anodizing peaks on 
Cu foil are similar to those on 3D porous Cu except there is no 
anodic peak at 0.35 V. The anodizing peaks of Cu foil show a 
little shift negatively, which can be attributed to its larger polari-
zation because of smaller specific surface area. Observed from 
the LSV curve of Ni foil (Figure 2b), there appears an anodic 
peak at 0.26 V presenting oxidation Ni element. Compared with 
the LSV curve of Ni foil, the anodic peak of 3D porous Cu at 
0.35 V maybe caused by the oxidation of Ni element, which 
comes from the production process of 3D porous Cu. According 
to the standard electrode potentials of Cu(OH)2 and Cu2O 
(Equations (1)–(3)) , the LSV curves of 3D porous Cu, the color 
changes (Video S2, Supporting Information, LSV of 3D porous 
Cu from open circuit to 1.0 V), there is almost no anodizing 
reaction at −0.3 V, Cu2O formed at −0.2 V, Cu(OH)2 formed at 
−0.1 and 0 V, CuO formed at 0.3 V (Equation (4)). There begins 
to release O2 when the electrode potential increases to 0. 6 V 
(Equation (5)). Therefore we chose −0.3, −0.2, −0.1, and 0 V as 
the electrode anodizing electrode potentials to prepare 3D Cu 
nanowire arrays. Besides, we also chose 0.2, 0.6, and 1.0 V for 
comparison.

( )+ + → + = −−Cu O H O 2e 2Cu 2OH 0.262V vs HgO/Hg2 2
0E

 
(1)

( )( ) + → + = −−Cu OH 2e Cu 2OH 0.124V vs HgO/Hg2
0E

 (2)

( )( ) + → + + =−2Cu OH 2e Cu O 2OH H O 0.018V vs HgO/Hg2 2 2
0E

 
(3)

Cu OH 2OH Cu OH CuO 2OH H O2 4
2

2( ) ( )+ → → + +− − −

 (4)

O 2H O 4e OH 0.499 V2 2
4 0+ + → =− E  (5)

Figure 3 gives the morphology of the samples prepared 
by anodizing at the electrode potential of −0.3, −0.2, −0.1, 
and 0 V (vs Hg/HgO) for 20 s coupled with subsequent high 
temperature treatment at 400 °C for 2 h in the flow of Argon 
atmosphere (possible reactions: 2Cu(OH)2 → 2CuO + 2H2O↑, 
Cu + CuO → 2Cu2O) and reduction under H2/Ar (5 vol%H2) 
flow at 200 °C for 4 h (Cu2O + H2 → Cu + H2↑).[12] As shown in 
Figure 3a–c, there is almost no morphology change on the 3D 
porous Cu surface after anodizing at −0.3 V compared with it 
before anodizing (Figure S1a,b, Supporting Information). The 
current versus time curve of 3D porous Cu anodized at −0.3 V 

(Figure S2, Supporting Information) shows there is very small 
current density, indicating low anodizing reaction rate, which 
leads to no nanowires growth. When the anodizing electrode 
potentials are set at −0.2 V (Figure 3d–f) and −0.1 V (Figure 3g–i),  
some Cu nanowires grow in the 3D porous Cu. However, the 
3D porous structure is destroyed to some extent and a few 
larger cones appear due to large anodizing striping rate of 
Cu caused by large anodizing current (Figure S2, Supporting 
Information). The smaller anodizing current at −0.1 V com-
pared with that at −0.2 V resulting in less destruction of Cu, 
thus the Cu nanowires achieved at −0.1 V are denser than 
those at −0.2 V. When the anodizing electrode potential is 0 V,  
the anodizing current is smaller than that at −0.1 V, which maybe 
more suitable for uniform nanowires growth. Thus, a large 
number of Cu nanowires uniformly distribute in the 3D porous 
Cu with the 3D porous structure remains well (Figure 3j–l). 
Cu nanowires show 150–200 nm in diameter and larger than 
1 µm in length (Figure 3k). When the electrode potentials are 
0.2, 0.6, and 1.0 V, there is no nanowire appears (Figure S3, 
Supporting Information). As shown in Figure 2a, there is no 
current at 0.2 V, which is also confirmed by the anodizing cur-
rent show in Figure S2 in the Supporting Information. This 
phenomenon maybe attributed to the 3D porous Cu is rap-
idly passivated with dense CuO film deposited on its surface 
at high electrode potential of 0.2 V according to Equation (4) 
and Video S2 in the Supporting Information. Thus, Cu surface 
anodized at 0.2 V shows some destruction but with no nano-
wire appears (Figure S3a–c, Supporting Information). Similar 
to 0.2 V, the 3D porous Cu is also passivated rapidly with dense 
CuO film deposited on its surface at 0.6 V, meanwhile there are 
large number of O2 bubbles release (see Video S2, Supporting 
Information), resulting in no morphology change appears com-
pared with 3D porous Cu (Figure S3d–f, Supporting Informa-
tion). When the electrode potential increases to 1.0 V, the dense 
CuO film on the surface of 3D porous Cu is also been resolved 
in the solution. Thus, the 3D porous Cu is destroyed again to 
some extent with large cones on the surface (Figure S3g–i, Sup-
porting Information).

Based on above, the 3D porous Cu after anodizing at 0 V 
has the best architecture as the current collector for supporting 
electrode materials of lithium-ion or sodium-ion batteries. 
According to the current versus time curve of 3D porous Cu at 
0 V (Figure S2, Supporting Information), the anodizing current 
density gradually decreases along with time and approaches 
0 at 40 s. Thus, we chose 10 and 40 s for comparison. When 
the anodizing time is 10 s, the pore walls of 3D porous Cu 
are not fully grown by Cu nanowires (Figure 4a–c). When the 
anodizing time is 40 s, the 3D porous Cu are fully grown Cu 
nanowires, but the 3D porous structure is serious destroyed 
(Figure 4d–f).

Based above research results, we choose the 3D porous Cu 
after anodizing at 0 V for 20 s coupled with subsequent high 
temperature treatment and reduction (3D Cu NWAs) as the cur-
rent collector for the Sb anode of SIBs. This unique 3D porous 
structure combined with nanowire arrays could be served as the 
most effective current collectors and frameworks for the direct 
and spontaneous supporting of the active materials, resulting 
in a high specific surface area and large numbers of activation 
sites. The well remained 3D porous architecture can afford fast 

Adv. Energy Mater. 2019, 9, 1900673
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transfer channels for sodium ions and free space for the volu-
metric variation of Sb during electrochemical cycling. Mean-
while, the Cu nanowire arrays can also provide rapid transfer 
channels for electrons and sodium ions. Figure 5a,b shows 
that the Sb@3D Cu NWAs replicates the morphology of 3D Cu 

NWAs with 3D porous structure and uniform nanowires. The 
side view of Sb@3D Cu NWAs (Figure 5c) indicates the whole 
electrode shows a thickness of about 67 µm, consisting of a 
uniform layer of Sb@3D Cu NWAs with about 44 µm thick-
ness and interconnected pores. As shown in Figure 5d,e, the 
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Figure 4. SEM images of 3D Cu NWAs achieved by anodizing at 0 V (vs HgO/Hg) coupled with subsequent high temperature treatment and reduction 
for a–c) 10 s and d–f) 40 s.

Figure 3. SEM images of 3D porous Cu after anodizing at a–c) −0.3 V (vs Hg/HgO), d–f) −0.2 V, and g–i) −0.1 V, and j–l) 0 V coupled with subsequent 
high temperature treatment and reduction.
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Sb nanoparticles are homogeneously coated on the Cu nano-
wires. This architecture is beneficial for loading more active 
materials and rapid transport for sodium ions. The energy-dis-
persive X-ray spectroscopy (EDS) mapping image for a single 
Sb@Cu nanowire (Figure 5f,g) confirms that Sb element is 
uniformly coated on the Cu nanowires. It can be determined 
from the EDS line scan profile (Figure 5h) that the thickness 
of Sb film on the Cu nanowires is about 45 nm, which is con-
firmed by the transmission electron microscope (TEM) image 
(Figure 5i). High resolution transmission electron microscope 
image (Figure 5j) shows that there are many nanocrystals with 
spacing 3.1 nm for lattice plane (012) of Sb distributed in amor-
phous Sb phase, indicating the low crystallinity of the prepared 
Sb@3D Cu NWAs.

As shown in the X-ray diffraction (XRD) patterns of the 
Sb@3D Cu NWAs (Figure 5l), all diffraction peaks can be 
assigned to crystalline Sb (The Joint Committee on Powder 
Diffraction Standards (JCPDS) Card No. 01-0802) besides Cu 
phase (JCPDS Card No. 03-1005). Scanning electron micro-
scope (SEM) images of Sb@Cu, Sb@3D Cu, and Sb@Cu 
NWAs are shown in Figure S4 in the Supporting Informa-
tion. The Sb@Cu displays Sb nanoparticles deposited on 2D 
Cu foil surface (Figure S4a–c, Supporting Information). The 
Sb@3D Cu demonstrates Sb nanoparticles deposited on the 
pore walls of 3D porous Cu (Figure S4d–f, Supporting Infor-
mation). Sb@Cu NWAs show Sb nanoparticles deposited on 
the Cu nanowires and voids between them (Figure S4g–i, Sup-
porting Information). XRD patterns of Sb@Cu, Sb@3D Cu, 

and Sb@Cu NWAs are given in Figure S5 in the Supporting 
Information. They also show main diffraction peaks from 
crystalline Sb (JCPDS Card No. 01-0802) besides Cu substrate 
phase (JCPDS Card No. 03-1005).

To probe the synergetic effect of the 3D porous and nano-
wire arrays structures on the Na storage performance of Sb, the 
electrochemical performance of Sb@3D Cu NWAs, Sb@Cu, 
Sb@3D Cu, and Sb@Cu NWAs electrodes are compared as well. 
In the first discharge of Sb@3D Cu NWAs electrode (Figure 6a 
and Figure S6, Supporting Information), there appears a voltage 
slope above 0.48 V and almost disappears since the second cycle, 
ascribing to electrolyte decomposition ascribed to the large spe-
cific area for this architecture.[13] Besides, there is also a short 
discharge voltage plateau around 0.48 V and a long discharge 
voltage plateau at 0.15 V, presenting appearance of amorphous 
NaxSb, subsequently Na3Sb(hexagonal)/Na3Sb(cubic), and 
lastly Na3Sb(hexagonal).[14] The first discharge (sodiation) and 
charge (desodiation) capacities at 100 mA g−1 are determined 
to be 1077.3 and 693.0 mAh g−1, respectively, with first cou-
lombic efficiency of 64.3%. The coulombic efficiency rapidly 
increases to higher than 95% since the second cycle. The first 
irreversible capacity mainly comes from SEI film formed from 
the decomposition of electrolyte on the electrode surface. Here, 
high reaction active points of Sb@3D Cu NWAs cause more 
electrolyte decomposition, thus resulting in low first coulombic 
efficiency. Since the second discharge, both voltages plateaus 
positively shift to 0.51 and 0.24 V, respectively, demon strating 
a decrease of electrochemical polarization after one cycle of 
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Figure 5. SEM images of Sb@3D Cu NWAs from a,b) a top view and c) side view, d) energy dispersive X-ray spectroscopy maps for elements e) Cu 
and f) Sb and g) corresponding line scan profile. h) TEM image and i) XRD patterns of Sb@3D Cu NWAs.
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activation. Besides, there appears a new voltage plateau at 
0.68 V, may cause from the structural transformation of Sb 
from a hexagonal crystalline phase into an amorphous phase 
with Na partially remaining.[10c,15] After 200 cycles, the dis-
charge voltage plateaus almost remain stable, signifying good 
electrochemical and structural stability for this architecture. 
For comparison, the galvanostatic discharge/charge curves of 
the Sb@Cu, Sb@3D Cu and Sb@Cu NWAs electrodes with 
their corresponding differential capacity curves are also given 
in Figure S7 in the Supporting Information. They show similar 
charge/discharge voltage curves to those of Sb@3D Cu NWAs 
electrode in initial two cycles. However, the capacity of Sb@
Cu electrode almost decays to 0 after 100th cycles (Figure S7a, 
Supporting Information). Although the Sb@3D Cu and Sb@
Cu NWAs electrodes still show high capacity retention in the 
100th cycle, the voltage plateaus appear obvious changes. After 
200 cycles, the Sb@3D Cu (Figure S7c, Supporting Informa-
tion) and Sb@Cu NWAs (Figure S7e, Supporting Information) 
electrodes show very low capacities with voltage plateaus being 
seriously distorted.

Figure 6b compares the cyclability of Sb@3D Cu NWAs elec-
trode with those of Sb@Cu, Sb@3D Cu, and Sb@Cu NWAs. 
The current density of initial five cycles is set as 66 mA g−1 
and the following cycles are set as 330 mA g−1. The Sb@3D 
Cu NWAs electrode shows an first reversible capacity of 
605.3 mAh g−1 with an ultrahigh retention of 92.7% over 
200 cycles at 330 mAh g−1 (561.1 mAh g−1 remained), which 
shows much better performance than those of Sb@Cu, Sb@3D 
Cu, and Sb@Cu NWAs electrodes. The Sb@Cu electrode can 
only stably charge/discharge for 20 cycles and rapidly decrease 

to 7.6 mAh g−1 in the 200th cycle. The Sb@3D Cu and Sb@Cu 
NWAs electrodes show better cyclability than that of Sb@Cu 
electrodes; however, their capacities still rapidly decrease after 
100 cycles, only remaining 93.5 and 79.7 mAh g−1, respectively. 
Besides, the Sb@3D Cu NWAs electrode demonstrates much 
better rate performance than those of Sb@Cu, Sb@3D Cu, and 
Sb@Cu NWAs electrodes. When the current densities increase 
from 100 to 1320 mA g−1, the charge/discharge profiles of 
Sb@3D Cu NWAs electrode remain little change, revealing a 
negligible electrochemical polarization (Figure 6c). The voltage 
curves only display a little shift and a high reversible capacity 
of 554.6 mAh g−1 with a high retention of 84.8% compared 
with that at 100 mA g−1 even the current density increases to 
a higher value of 3300 mA g−1. The Sb@3D Cu and Sb@Cu 
NWAs electrodes show similar rate performance, respectively, 
remaining 365.7 and 352.9 mAh g−1 at 3300 mA g−1, which is 
better than that of Sb@Cu, but inferior to that of Sb@3D Cu 
NWAs (Figure 6d). According to the above results, the Sb@3D 
Cu NWAs electrode shows the best electrochemical perfor-
mance, indicating the Sb electrode with 3D NWAs structure is 
better than those of the Sb electrodes with sole 3D porous or 
NWAs structure.

Such superior Na storage capacity and cycle stability of 
Sb@3D Cu NWAs might be ascribed to its unique 3D NWAs 
framework. As shown in the suggesting Na storage mechanism 
(Figure 7a,b), this architecture can provide two Na+ transfer 
channels, which are a 3D porous structure from 3D Cu and 
interspace between nanowire arrays. Besides, the architecture 
can provide free space for accommodating volume changes 
during Na storage.[16] To further seek the effect mechanism of 
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Figure 6. a) Galvanostatic discharge/charge profiles of 3D Cu NWAs electrode at 66 mA g−1 (1st and 2nd) and 330 mA g−1 (100th and 200th). 
b) Cyclability curves of Sb@Cu, Sb@3D Cu, and Sb@3D Cu NWAs electrodes at 330 mA g−1. c) Galvanostatic discharge/charge curves of Sb@3D Cu 
NWAs electrode at different current densities from 0.1 to 3.3 A g−1. d) Cyclability curves of Sb@Cu, Sb@3D Cu, and Sb@3D Cu NWAs electrodes at 
different current densities from 0.1 to 3.3 A g−1.
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3D NWAs structure on the electrochemical Na storage perfor-
mance in Sb, the SEM images of Sb@3D Cu NWAs suffered  
1 and 200 cycles are characterized and given in Figure 7c–f. After 
one electrochemical cycle, the surface of nanowires become 
rougher, and the 3D porous and array structures remain well 
(Figure 7c,d). After 200 cycles, there appears somewhat aggre-
gation of nanowires but the 3D porous structure remains well, 
resulting in a little capacity decrease appears after 200 cycles. 
For comparison, the Sb@Cu surface becomes dense and no Na+ 
transfer channels and free space for accommodating volume 
changes after 200 cycles (Figure S8a–c, Supporting Informa-
tion). The Sb@3D Cu keeps some macropores however the Sb 
particles appear serious aggregation, causing a block for Na+ 
transport (Figure S8d–f, Supporting Information). The Sb@
Cu NWAs electrode shows serious aggregation of nanowires, 
blocking the Na+ transfer channels (Figure S8g–i, Supporting 
Information). Therefore, the Sb@3D Cu NWAs demonstrates 
much better electrochemical cycling and rate capacity than those 
of the Sb@Cu, Sb@3D Cu, and Sb@Cu NWAs electrodes.

To further understand the electrochemical perfor-
mance revolution, we have also tested the electrochemical 

impedance spectra of Sb@Cu, Sb@3D Cu, 
Sb@Cu NWAs, and Sb@3D Cu NWAs suf-
fered 6 and 100 cycles, and their Nyquist 
plots are shown in Figure 8. They all include 
an arc in the high frequency region and a 
straight line in the low frequency region. 
The high frequency arc is related to elec-
trochemical reaction impedance, the low 
frequency straight line presents Na ions 
diffusion impedance in active particles. It 
can be observed that the Sb@3D Cu NWAs 
electrode has the smallest high frequency 
arc in the 6th cycle, indicating the lowest 
electrochemical reaction impedance. After 
100 cycles, the high frequency arc appears 
almost no change, demonstrating stable elec-
trode/electrolyte interphase. For comparison, 
high frequency arcs of Sb@Cu, Sb@3D Cu, 
and Sb@Cu NWAs in the 6th cycle decrease 
in sequence. The high frequency arc of Sb@
Cu increases the most after 100 cycles, that 
of Sb@Cu NWAs increase the least but 
larger than that of Sb@3D Cu NWAs. These 
results are in good agreement with their elec-
trochemical performance revolution.

To investigate the practical use of Sb@3D 
Cu NWAs electrode, it was coupled with 
Na3V2(PO4)3/C cathode for a full cell of SIBs. 
The mass loading ratio between cathode and 
anode is kept at 5:1 (the whole loading of the 
cathode is about 3 mg). The Na3V2(PO4)3/C 
shows a first capacity of 98 mAh g−1 with a 
columbic efficiency of 94.84% at 600 mA g−1 
(about 5C, 1C = 117 mA g−1) in half-cell, 
and high capacity retention of 96% after  
500 cycles (Figure S9, Supporting Infor-
mation). The full cell is evaluated at 
117 mA g−1 with the voltage range from 1.8 

to 4 V according to the charge/discharge curves of Sb@3D 
Cu NWAs and Na3V2(PO4)3/C, respectively (Figure 9a). The 
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Figure 7. a,b) Na storage mechanism of Sb@3D Cu NWAs and its SEM images suffered  
c,d) 1 and e,f) 200 cycles.

Figure 8. The Nyquist plots of Sb@Cu, Sb@3D Cu, Sb@Cu NWAs, and 
Sb@3D Cu NWAs.
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full battery delivers two flat charge voltage plateaus around 2.5 
and 2.8 V, respectively, and a discharge plateau around 2.5 V 
(Figure 9b), stable cyclability (Figure 9c), and an energy density 
of 263 Wh kg−1 (based on whole mass loading of cathode and 
anode), which can power an light emitting diode (LED) bulb 
(Figure 9d).

3. Conclusions

In summary, we design and produce a controllable 3D current 
collector assembled from 1D Cu nanowire arrays anchored on 3D 
porous Cu (3D Cu NWAs) through anodizing and subsequent 
high-temperature reduction. Element Sb is electrodeposited on 

the 3D Cu NWAs and directly served as the anode of SIBs. This 
unique architecture combines the advantages of 1D nanowire 
array (near 150–200 nm) and 3D porous (about 5 µm) struc-
tures, benefiting to electron and Na+ rapid transport and accom-
modating volume variation during Na storage cycling. Thus, the 
Sb@3D Cu NWAs electrode exhibits a high reversible capacity 
of 605.3 mAh g−1 at 330 mA g−1 with 561.1 mAh g−1 remained 
after 200 cycles (the capacity retention is 92.7%). In addition, 
it manifests a high reversible capacity of 554.6 mAh g−1 with a 
high retention of 84.8% compared with that at 100 mA g−1 even 
at a high current density of 3300 mA g−1. The full cell assembled 
using Sb@3D NWAs electrode as anode and Na3V2(PO4)3/C 
as cathode shows high energy density of 263 Wh kg−1. Since 
simplicity and effectiveness, this proposed electrode design may 

Adv. Energy Mater. 2019, 9, 1900673

Figure 9. Electrochemical performance of Sb@3D Cu NWAs//Na3V2(PO4)3 full cells. a) The first and second galvanostatic charge–discharge curves of 
Sb@3D Cu NWAs and Na3V2(PO4)3, respectively, and b) the full cell assembled by them. c) Typical galvanostatic charge–discharge profiles of the full 
cell at a current density of 120 mA g−1 (based on the anode). d) A LED bulb powered by the full cell.
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direct a new road to construct electrode frameworks for high-
performance batteries.

4. Experimental Section
Synthesis of 3D Cu Nanowire Arrays: All reagents used are 

analytically pure. The 3D porous Cu was prepared via an electroless 
plating strategy as reported in our previous work involving 
two reactions, H2PO2

− + Ni2+ + OH− → Ni + HPO3
2+ + H2, 

H2PO2
− + Cu2+ + OH− → Cu + HPO3

2+ + H2,[17] respectively. Ni2+ acts 
as a catalyst to assure the continuously reduction of Cu2+ to metallic 
Cu layer, growing on the substrate and remained in the 3D porous Cu 
layer. LSV was performed to determine the anodizing electrode potential 
for preparing 3D Cu nanowire arrays. In a typical process, LSV was 
carried out on an electrochemical workstation (Princeton, VersaSTAT 3) 
using a scanning rate of 1 mV s−1 from open circuit potential (about 
−0.5 V vs Hg/HgO) to 1.0 V (vs Hg/HgO). The electrolyte is 240 g L−1 
NaOH, work electrode is 3D porous Cu, auxiliary electrode is Pt@
Ti mesh and reference electrode is Hg/HgO. To better understand the  
electrochemical reactions involved in the anodizing processes on 3D porous 
Cu, the LSV curves of Cu and Ni foils were also tested in the same LSV 
condition. According to the LSV curve of 3D porous Cu, −0.3, −0.2, −0.1, 
0, 0.2, 0.6, and 1.0 V were chosen as the anodizing electrode potentials 
to determine the promising potential for preparing 3D Cu nanowire 
arrays. Besides, the anodizing time of 10, 20, and 40 s was also chosen to 
determine the promising time. After anodizing, the samples were treated at 
400 °C for 2 h in pure Ar followed by 200 °C for 4 h in Ar/H2 (95/5) flow. 
Based on the SEM images of these samples after anodizing at different 
electrode potentials for different time, the sample achieved at 0 V for 20 s 
has the ideal architecture as the current density and denoted as 3D NWAs.

Synthesis of Sb@3D Cu Nanowire Arrays: Sb@3D Cu nanowire arrays 
(denoted as Sb@3D Cu NWAs) were synthesized by electrodeposition at 
a constant current density of 5.0 mA cm−2 for 200 s in an electrodeposition 
bath containing 6 g L−1 Sb2O3, 80 g L−1 C6H8O7·2H2O, 100 g L−1 
Na3C6H5O7, and 3 g L−1 C6H5CO2Na. In the electrodeposition system, 3D 
Cu NWAs were served as working electrode and Pt@Ti mesh as the counter 
electrode. For comparison, Sb film was electrodeposited on Cu foil, 3D 
porous Cu, and Cu nanowire arrays in the same condition and denoted as 
Sb@Cu, Sb@3D Cu, and Sb@Cu NWAs, respectively. The corresponding 
mass loading of all the electrodes is in the range of 0.5–0.6 mg cm−2.

Materials Characterization: The electrode morphology was 
characterized by SEM (Hitachi S4800, Japan) and TEM (JEM-2100, 
Japan). The crystalline structure was measured by XRD with Cu Kα 
radiation (λ = 0.15406 nm).

Electrochemical Characterization: Electrochemical performance of 
Sb@3D Cu NWAs in half-cell using 2025 type coin cells was tested 
on the LAND battery test system (CT2001A) in the voltage range from 
0.01 to 1.5 V (vs Na+/Na) at different current densities. Coin cells were 
assembled with Sb@3D Cu NWAs as the positive electrodes, Na sheet 
(homemade) as the negative electrode, glass fiber filter paper (Whatman 
GF/D) as the separator, NaClO4 (1 mol L−1) dissolved in ethylene 
carbonate and dimethyl carbonate (1:1 by volume, provided by Qianmin 
Chemical Reagent co. LTD, Su Zhou, China) with 5% fluoroethylene 
carbonate as the electrolyte. The full battery assembled with Sb@3D 
Cu NWAs as anode and Na3V2(PO4)3 as cathode was tested in the 
voltage range from 1.5 to 4 V. The cycling performance of Na3V2(PO4)3 
in half-cell was tested at 600 mA g−1 (≈5 C) in the voltage range between  
2.8 and 3.8 V. The electrochemical impedance spectra are performed 
on electrochemical work station (Preston, VersaSTAT 3) at 0.5 V with 
amplitude of 5 mV and frequency range of 105–10−2 Hz.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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