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Transition metal oxide Cuy0 anode is still not meeting the current market demands due to the low
theoretical capacity and poor cycle stability. We herein report the synthesis of a nanoporous GeO,/Cu/
Cu,0 network by a straightforward dealloying method. The resulting material possesses high porosity
which served to alleviate the stress incurred during lithiation/delithiation volume variation and presents
good conductivity for fast electron transfer. Enhanced electrochemical performance is observed when
measured as an anode material, delivering 715mAh g~ ! at 200mA g~ after 50 cycles and offered
504 mAh g~ ! even at a high current density of 1600 mA g~ after 150 cycles. Furthermore, the material
also demonstrates excellent rate performance of 812, 782, 741, 695, 635 and 552 mAh g’] at 100, 200,
500, 800, 1600 and 3200 mA g~ ! current densities, respectively. The enhanced Li storage performances
could be ascribed to the reticular ligament with high porosity, the increased conductivity by Cu as well as
the improved capacity from GeO,. Moreover, this work provides us a new material design strategy to
fabricate various porous composite anodes with high capacity through a straightforward dealloying
method in future for lithium-ion battery applications.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

With the rapid recent technological development, various
electric vehicles and electronic devices have high requirements for
the capacity, energy densities and cyclic performance of lithium-
ion (Li-ion) batteries [1—6]. Traditional graphite anodes, however,
possess a theoretical capacity of 372 mAh g~ [7], which is too low
to meet the increasing market demands. So the design and
exploitation of new anode materials with high capacities is ur-
gently needed. Due to the high theoretical capacities [7,8], the
alloy-typed anodes including Si and Ge materials have been
focused on by many researchers. One fatal problem of these anodes
is huge volume change (>300%) during discharge/charge cycling,
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inducing pulverization and fall off of active materials, and further
resulting in fast fading in capacity. Metal oxides such as Co304,
CoFe,04, Fe304 and NiO, as one more important class of anode
materials [9—12], are found to show reduced volume change rates
compared with Si and Ge, and present improved theoretical ca-
pacity compared to graphite. As a result, the Li storage properties of
metal oxide anodes have recently been studied extensively.

As a kind of metal oxide anodes, Cu,0 presents some advantages
such as abundance, low cost and environment friendly. Nowadays,
Cuy0 with different shapes have been regarded as candidate an-
odes for Li-ion battery studies [13—15]. However, the research
enthusiasm on Cu,0 anode materials is far less than that on alloy-
typed anodes and even other metal oxide anodes. The main reasons
are as follows. Firstly, the theoretical capacity of Cu;O0 is relatively
low (375 mAh g~ 1) [15], which is slightly higher than graphite. In
this situation, other metal oxides with higher capacity are prefer-
entially selected as research objects. As a result, the studies related
to Cuy0 anodes are overlooked. Actually, this weakness can be
improved by combining the Cu;O with some theoretical high-
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capacity materials. CoO was introduced by Liu et al. [16] into Cu,0
material. The as-obtained porous CoO/Cu,0 composites presented
a reversible capacity of 832mAh g ! at a current density of
200 mA g~ ! after 50 cycles. This capacity is double to the theoretical
capacity of Cuy0, indicating that this strategy is effective for further
developing Cup0 anodes with high performance. Secondly, like
other metal oxides, Cuy0 also has the characteristic of low con-
ductivity. In order to solve this defect, many scholars have tried to
introduce a conductive metal skeleton into active materials to
improve the conductivity and rate performance [17]. Wei et al. [15]
and Yang et al. [18] adopted solvothermal approach and electro-
chemical corrosion method respectively to synthesize different
Cuy0 nanostructures on Cu foam. These composites presented
excellent rate performances. Under this strategy, however, Cu as a
skeleton occupies a large mass proportion of the electrode, leading
to the ratio of active substance very low. Therefore, the energy
density will become low and uncompetitive. In future work, the
further reducing of the mass ratio of Cu conductive agent must be
considered. Thirdly, metal oxides also have the problem of volume
expansion and fracture during the discharge/charge cycling. To
remit this problem, porous hollow Cu;O nanospheres were syn-
thesized and exhibited a capacity of ~650 mAh g~! at 100 mAg ™!
after 100 cycles [19]. Fu et al. [20] prepared graphene oxide nano-
sheets wrapped Cu;O microspheres, it still demonstrated a
reversible capacity of 240mAh g~! at a high current density of
1000mA g~ after 200 cycles. Thus, nanocrystallization of anode
materials with high porosity and encapsulating metal oxides into
carbon protective coating are two effective and widely acceptable
strategies. Fourthly, the fabrication routes of Cu;O nanocrystals
such as template method and hydrothermal method [14,21,22] are
complicated, low yield and expensive. In view of the practical
application, it is crucial to develop a large-scale and low-cost syn-
thesis strategy for CupyO anodes with desirable performances.

In this study, we develop a new strategy to improve the Li
storage performances of Cu,O anodes. Conductive Cu and theo-
retical high-capacity GeO, dopant were co-introduced into the
bimodal porous Cu,0 network by a straightforward dealloying
method. During the dealloying process, most of Cu was moderately
oxidized into Cuy;0 as the main active materials, while a small
amount of conductive Cu were maintained and embedded into the
Cuy0 network. In the meantime, as a theoretical high-capacity
material (1126 mAh g ') to increase the gross capacity of the
anode, a little GeO, was also introduced by oxidation of Ge during
dealloying process. Furthermore, the as-obtained bimodal porous
network provided sufficient room to the volume changes of Cu,0
and GeO; materials during discharge/charge cycling. As a result, the
material presented a good cycling stability (504 mAh g~ after 150
cycles at 1600mAg-!) and excellent rate performance as the
anode. It's worth mentioning that the strategy adopted in this pa-
per represents three distinct characteristics. Firstly, it provides a
large-scale and low-cost synthesis route to obtain Cu,O-based
anode materials. Secondly, it shows a special structural design idea
for dealloyed porous materials by utilizing microstructural inheri-
tance from the precursor, which may promote the structural design
of various porous metals/metal oxides and the development of the
dealloying field. Finally, the strategy can be further applied in future
to prepare various porous composite anodes with high capacity for
Li-ion battery applications.

2. Experimental methods

Cuy7Geq3Alg17 master alloy ingots were prepared from pure Cu,
Ge and Al (99.99 wt%) ingots (Fig. 1a) by electric arc melting. The
master alloy ingots (Fig. 1b) were remelted through induction
heating in a quartz tube. Then the melts were sprayed through an

orifice onto a copper roller with rotating speed of 2000 r/min. Thus
the Cuy7Geq3Algy7 precursor ribbons (Fig. 1c) were obtained by the
so-called melt-spinning method [23,24]. The dealloying of the as-
obtained ribbons was treated in a 5wt% NaOH solution at 25°C
for 20 min, 40 min and 5 h, respectively. During dealloying process,
only Al atoms were reacted away while most of Cu atoms reacted
with oxygen species at the metallic interface to form Cu;0 network
with a small amount of Cu maintained, and the trace Ge elements
were oxidized into GeO,. After dealloying, the outcomes were
rinsed through three kinds of liquids for obtaining different metal/
metal oxide ratios. For the sample dealloying for 20 min, ultra-pure
water (18.2 MQ cm) was used. Parts of Cu or Cuy;O may further
oxidized into CuO by dissolved oxygen in water. For the sample
dealloying for 40 min, ultra-pure water and anhydrous ethanol (1:1,
volume ratio) was adopted for restraining its further oxidation to a
certain degree. For the sample dealloying for 5 h, only anhydrous
ethanol was employed for drastically suppressing the oxidation in
rinsing process. After dried in vacuum oven at 60 °C for 12 h, the as-
designed porous GeO,/Cu/Cu;O network was finally obtained
(Fig. 1d). A schematic diagram reflecting the fabrication procedure
of the experimental samples was presented in Fig. 1.

The phase composition of the dealloying products was
confirmed by a Cu Ko X-ray diffractometer (XRD, Bruker, D8-
Advance) at 10°/min. The morphology of the network was
observed by scanning electron microscope (SEM, Hitachi, S4800)
and transmission electron microscope (TEM, JEOL, JEM-2100F). X-
ray photo-electron spectroscopy (XPS, ESCALAB 250) was
employed to determine the chemical composition and valence state
of the products. Brunauer—Emmett—Teller (BET) method was
adopted to compare the specific surface area of the different
dealloyed products.

The total weight of every dealloying product was considered as
the quality of active materials. 70% active material, 20% Ketjen black
(conductive additive) and 10% carboxymethyl cellulose (binder)
were intermingled in deionized water to form a mixed slurry, then
the slurry was blade casted onto Cu foil and dried in vacuum oven
at 60 °C for at least 12 h to form the working electrode. The mass
loading of the active material was around 0.85 mgcm™2. Celgard
2300 was selected as the separator and lithium foil was used as the
counter electrode. LiPFg (1 M) in mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) (EC:DEC=1:1, volume ratio) was
adopted as the electrolyte. At last, coin cells (CR2025) were
assembled in a glove box under Ar protection.

Constant current cycling tests were conducted using a battery
cycler system (CT-4008) between 0.01 and 3V at different current
densities. The cyclic voltammetry (CV) test was performed on a
Zahner Im6e from 0.01 to 3Vat 0.1mVs . Electrochemical
impedance spectroscopy (EIS) analyses were also carried out in the
range from 100 kHz to 0.1 Hz.

3. Results and discussion

Dealloying is now one of popular techniques to prepare nano-
porous metals and metal oxides [23—26]. Regarding to the Al-Cu
alloy system, bicontinuous nanoporous Cu/Cu;O composites [27]
was reported to be synthesized under proper dealloying conditions.
In this study, a Al-Cu eutectic alloy composed of Al and Al,Cu
phases [28] is selected as the dealloying precursor. Bimodal porous
networks, containing the first class macropores by removal of a-Al
as well as the second class micropores and mesopores by etching Al
from Al,Cu phases, can be prepared through microstructural in-
heritance. With the further extension of the dealloying time, most
of Cu was oxidized into Cu0. At the same time, Ge was also
oxidized and became germanium oxide [29]. In this way, bimodal
porous GeO,/Cu/Cu0 network was successfully obtained in this



Z. Wang et al. / Electrochimica Acta 300 (2019) 363—372 365

Metal ingots

I. [ @
v
Mo G\ ¢
‘ ."
Il GeO, 2’

Porous Cu,0O network

Precursor
ribbons

Nanoporous GeO,/Cu/Cu,O network

Fig. 1. A schematic diagram showing the fabrication procedure of the experimental samples.

work.

Fig. 2 shows the XRD patterns of the Cuy7Geq3Algy7 precursor
after dealloying for different time. For the sample dealloyed for
20 min, it mainly generates Cu;O with a small proportion of CuO.
For the sample dealloyed for 40 min, only Cuy0 can be detected.
Finally, when it dealloyed for 5h, Cuy0 and a little of Cu appear
together. All the peaks in the Fig. 2 can be indexed to crystalline
phase CuO (JCPDS No0.45-0937), Cu (JCPDS No.65-9743) and Cuy0
(JCPDS No.65-3288). Thus, the XRD result indicates the successful
fabrication of the CuyO-based materials. Because the atom ratio of
Ge is low both in precursor and dealloying product, detectable Ge-
related diffraction peaks cannot be found in the XRD results.

TEM images of the Cuy7GeqsAlgy7 alloy after dealloying for
different times are shown in Fig. 3. The ligaments of the network
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Fig. 2. XRD patterns of the Cuy;Ge;3Algy7 precursor dealloyed for different time.

are clearly and gradually thinning with the extension of the deal-
loying time. When dealloying for 5 h, the ligaments of the network
are only around 55 nm as shown in Fig. 3g, indicating that this
corrosion condition resulted in the thinnest materials. The high
resolution transmission electron microscope (HRTEM) images are
presented in Fig. 3b, e and h. The lattice fringe spacings of 0.232 nm
is corresponding to the (111) planes of the CuO phase (Fig. 3b),
while in the Fig. 3e, the lattice fringe spacings of 0.245 nm and
0.311 nm can be assigned to the (111) planes of the Cu,0 and (110)
planes of the GeO, phase respectively. When dealloying for 5 h,
well crystallized GeO, particles in [001] zone axis direction can be
found in Fig. 3h. Furthermore, patterns obtained from the selected
area electron diffraction (SAED) confirm that CuO, Cu;0 and GeO,
exist as shown in Fig. 3c, while Cuy0, Cu and GeO; coexist in Fig. 3f
and i. Except the discovery of GeO; phase, the results of the HRTEM
and SAED mainly corresponds to the results of XRD.

The original Cuy7Geq3Alg17 precursor ribbons shows a typical
microstructure of a eutectic Al-Cu alloy [28], which contains a-Al
matrix and Al,Cu precipitated phase in reticulation form (Fig. 4a).
After dealloying for 5 h, a bimodal porous structure (Fig. 4b), con-
taining macropores by removing o-Al from the eutectic micro-
structure as well as mesopores and micropores by removing Al
from Al,Cu phase, are finally obtained by inheriting original
microstructure and selectively etching of Al. The TEM and HRTEM
images in Fig. 4c and d disclose that plentiful bumps and particles
are formed on the sample surfaces during the dealloying and oxi-
dization process. Moreover, Cu,0 and Cu lattices can be found in
Fig. 4d. Thus, GeO;, Cuy0 and Cu lattice fringes are completely
observed in the as-obtained porous network by HRTEM.

The N, adsorption/desorption isotherms of the dealloying
products can be found in Fig. 4e. The specific surface area of the
porous GeO,/Cu/Cuy0 network dealloyed for 5h is 86.7m?g ",
which is higher than the products dealloyed for 20 min (13.6 m? g
-1y and 40 min (3129 m?>g ~'). The pore size distribution of the
three kinds of porous network (Fig. 4f) reveals mesoporous feature
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Fig. 3. TEM, HRTEM images and corresponding SAED patterns of the Cu;;Ge;3Alg17 ribbon dealloyed for different time (a—c) 20 min; (d—f) 40 min; (g—i) 5 h.

to a certain degree. In addition, the porous GeO;/Cu/Cu,0 network
shows a biomodal porous characteristic with feature pore sizes
locating in the range of 2—6 nm and 20—60 nm respectively, cor-
responding to the measuring result of pore sizes from the SEM
images (Fig. 4b). The presence the biomodal porous features of the
network may facilitate electrolyte accessibility and relieve the
stress incurred from the volume variations during the repeated
discharge/charge cycles.

The XPS measurement, reflecting the chemical components and
surface valence states of the dealloying product, is performed and
shown in Fig. 5. Fig. 5a presents the full survey spectrum, con-
firming the presence of Cu, Ge, O and residual Al elements in the
final product. Four decomposed peaks at 932.6, 935.1, 952.5 and
955.1 eV (Fig. 5b) can be found in Cu 2p spectrum of the samples.
The peaks located at 932.6 and 952.5 eV are corresponding to the
Cu 2p3pz and Cu 2pyjz peaks of Cup0 [15,30,31]. The characteristic
signals at 935.1 (Cu 2p32) and 955.1 eV (Cu 2pq2) are attributed to
CuO [30,32]. It can be found that with the extension of dealloying
time, the area of the peak of Cu0 increases, which is an indication
that the content of Cu,0 is increasing. When the sample dealloyed
for 5 h, the majority of the composite is of Cu,0. Fig. 5c shows the
Ge 3d XPS spectra. The main peak contains two deconvoluted peaks
at31.6 and 32.6 eV, corresponding to Ge 3ds; and Ge 3ds; peaks of
GeOy(+4 state) respectively [33,34]. No signals related to Ge(0)
state can be tested. This result illustrates that the element Ge is
oxidized into GeO, during dealloying and spontaneous oxidation

process [29]. The O 1s core level spectra (Fig. 5d) includes two
deconvoluted peaks, namely at 530.4 and 531.6 eV. The 530.4 eV
peak is from the OM oxygen, which corresponds to the —2 oxida-
tion state of the O ions in the metal oxides. The 531.6 eV peak is
assigned to OH, which may come from the residual NaOH corrodent
[10,35]. These XPS results confirms that when dealloying for 20 min
the main superficial product is CuO, while dealloying for 5h the
main superficial product after dealloying changes to CuO0.

The final mass ratio (Fig. 6) of different products in three deal-
loying samples is calculated through combining XPS, EDS and
inductively coupled plasma mass spectrometry (ICP-MS) results. It
can be seen from Fig. 6 that the main phase composition of samples
dealloyed for different time is Cu;0. With the increase in dealloying
time, the mass percent of CuO and Al is declined sharply, and that of
GeO>, is reduced slightly. The content of conductive Cu enhances at
the same time. The final mass percent (GeO,:Cu:Cu;0:Cu0:Al) of
the sample dealloyed for 5h is close to 18.3:10.4:65.1:5.8:0.4,
indicating the final product is GeO,/Cu/Cu,0 composites with small
amount of superficial CuO and residual Al.

Fig. 7 shows the first three CV curves of samples dealloying for
20 min, 40 min and 5h respectively in the potential range of
0.01—3Vat 0.1 mV s~ . The curves for three experimental materials
show similar shapes except different peak intensities and slight
position offset. It can be found that the area of the CV curves at the
second cycle in Fig. 7c is larger than that in Fig. 7a and b, which
indicates that the specific capacity of the sample dealloying for 5 h
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after two discharge/charge cycles is higher than the others in this
study. In the first cycle, as shown in Fig. 7c, three obvious cathodic

peaks located at 1.52V, 1.1V and 0.75V can be found. The peak at
152V is correlated to the Li intercalation reaction into CuO
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crystallites [36,37] and the formation of LiyCuO [32]. The peak at
1.1V and 0.75V can be assigned to the reduction of CuO to Cu,0 (eq
(1)), and the further reduction of Cuy0 to Cu (eq (2)), respectively
[38,39]. Furthermore, the wide cathodic peak between 0.4V and
0.015V is related to the formation of Ge and Li;O through deoxi-
dation reaction between GeO, and Li (eq (3)), and the formation of
LixGe in the Li-Ge alloying process (eq (4)) [40]. The above reaction
mechanism can be expressed by the following equations (1)—(4)
[39,40]:

2Cu0 + 2Li* + 2e — Cuz0 + L0 (1)
Cuz0 + 2LiT + 2e — 2Cu + Liz0 2)
GeO, + 4Li™ + 4e~ — Ge + 2Liy0 (3)
Ge + 44Lit + 4.4e~ — LigsGe (4)

In the anodic scan process, the peak at about 0.54 V corresponds
to dealloying of LixGe [41—43]. The peak at 1.22 V has been ascer-
tained to be reoxidation of Ge to GeO, [41,42], leading to a
reversible conversion reaction of GeO,. Meanwhile, the anodic
peaks located at 1.78 V and 2.67 V is attributed to the formation of
Cuy0 and CuO, respectively [31,39]. The peak at 1.78V can be
assigned to the oxidation of partial Cu to Cuy0 [39]. The obvious
peak at 2.67 V is believed to the further oxidation of Cu,0 to CuO as
well as the Li extraction of Cu from the crystal lattice of CuO [14,36].
The initial curve differs markedly from the subsequent two cycles

due to the formation of solid electrolyte interphase (SEI) layer [44].
Compared with the first cycle, the peak intensities related to both
cathodic and anodic peaks of GeO, redox reaction increases
observably, this phenomenon implies the gradually improved
reversibility of the electrode [45]. While this phenomenon cannot
be observed in Fig. 7a and b, demonstrating that the nanoporous
network structure and proper ratios among GeO;, Cu;0 and Cu play
important roles in improving the total capacity of the electrode. In
the following cycles, the CV curves are very similar in shape expect
the reduction peaks shift to higher potentials while no substantial
changes are found for the oxidation peaks, which may be ascribed
to the structural change of metal oxides after conversion reactions
[31,39].

The cycling performance is shown in Fig. 8a at a current density
of 200mAg~! for 50 cycles. It could be found that when the
Cuy7Geq3Alg17 ribbons are dealloyed for 5 h, the discharge capacity
of the first cycle reaches to 1097.8 mAh g~ ! and the charge capacity
is 914.2 mAh g~! which represents a loss of about 16.7%. The irre-
versible capacity loss in the first cycle is mainly due to the forma-
tion of the solid electrolyte interphase (SEI) layer. The reversible
capacity of the second cycle reduces to 794.4 mAh gL After 50
cycles, the reversible capacity still maintains 715 mAh g~ !, which
shows a good cyclic stability. This good electrochemical property
can be attributed to the nanometer effect and synergistic effects
among different component materials [30,31,39]. However, when
the Cuy7Geq3Alg17 ribbon dealloyed for 20 min and 40 min, the first
discharge capacity is only 436.5 and 585.3 mAh g~ ! with 26.4% and
20.1% irreversible capacity loss. After 10 cycles, the capacity drop-
ped sharply. The capacity of the samples dealloyed for 20 min and
40min declines to only 85 and 115mAh g~ ' after 50 cycles,
showing poor cyclic stabilities. The cycling performance at a high
current density of 1600 mA g~! for 150 cycles is shown in Fig. 8b.
Even at such a high current density, the first discharge capacity of
the anodes which dealloyed for 5h reached 848.2mAh g~! and
after 150 cycles the capacity of the anode still maintains at 504 mAh
¢! indicating an excellent cyclic stability under high current
density. The coulombic efficiency (CE) enhances from 83.5% to
98.7% within 5 cycles, due to the protection of SEI layer for the
anode. For latter cycles, the electrode presents high CE above 98%
with little fluctuation. However, when the anodes which were
dealloyed for 20 min and 40 min run at a high current density of
1600 mAh g, only discharge capacity of 129.8 and 150.5 mAh g~!
are obtained. After 150 cycles, the capacity remains at a low
reversible capacity of 69.2 and 106.9 mAh g~ respectively, showing
barely satisfactory cyclic stability and poor reversible capacity un-
der high current density.

Fig. 8c—e shows the constant current charge/discharge curves
for the electrodes after 1,2, 10 and 150 cycles at 1600 mA g~ within
a voltage window of 0.01-3V. For the electrode which was
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Fig. 7. CV curves of the Cuy;Geq 3Alg; 7 ribbon dealloyed for different time at a scan rate of 0.1 mVs~! between 0.01 and 3 V: (a) 20 min, (b) 40 min, (c) 5 h.
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dealloyed for 5h (Fig. 8e), four voltage plateaus at 0.3—0.5V,
0.7—0.9V, 0.9-1.2V and 14—1.7V are found in the first discharge
step. Meanwhile, four voltage plateaus at 0.4—0.7V, 1.0—-13V,
1.5—1.8V and 2.2—2.8V are found in the first charge step. These
results are basically accord with CV results. A discharge and charge
capacity of 848.2 mAh g~! and 708.5 mAh g~ ! respectively with an
initial CE of 83.5% is obtained from the electrode. With the increase
in the cycling number, the curves gradually shift to the left, indi-
cating a slightly decrease in the capacity during cycling. However,
the electrode which dealloyed for 20 min (Fig. 8c) delivers a lower
discharge and charge capacity of 129.8 mAh g~! and 98.5 mAh g~!
respectively with a lower initial CE of 75.9%. The electrode which
dealloyed for 40 min (Fig. 8d) also exhibits a lower discharge ca-
pacity of 150.5mAh g~! and a charge capacity of 106.2 mAh g~!
with a lower initial CE of 70.6%. So it is obvious that the electrodes
dealloyed for 20 and 40 min not only show lower first discharge
capacity but also reveal lower initial CE compared with the one
dealloyed for 5h. The above results demonstrate that GeO; in
porous GeO,/Cu/Cu,0 network may effectively enhance the elec-
trochemical properties of Cu,O anodes. Furthermore, although
GeO>, also exists in the electrodes dealloyed for 20 and 40 min, its
contribution to capacity is underplay and seems very limited,
which could be attributed to the intricate space matching rela-
tionship and improper mass ratio among GeO,, copper and its
oxides.

The rate performances of the three electrodes are shown in
Fig. 9a, which are evaluated from 100 to 3200 mA g~ .. The porous
GeOy/Cu/Cu,0 network electrode which was dealloyed for 5 h de-
livers capacities of 812, 782, 741, 695, 635 and 552 mAh g~ ! at
current densities of 100, 200, 500, 800, 1600 and 3200 mA g,
respectively. It is obvious that the porous GeO,/Cu/Cu,0 network
electrode shows higher capacity than other two electrodes at each
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current density. It should be noted that the capacity recovers to 680
and 791 mAh g~ when the current density is gradually reversed to
800 and 100 mA g, which shows great rate performances. How-
ever, the electrodes dealloyed for 20 min and 40 min shows poor
rate performance and bad reversible capacity under high current
density. Fig. 9b—d shows the constant current charge/discharge
curves for the three electrodes at different current densities from
100 to 3200 mA g~ . With the increase in the current density, the
curves gradually shift to the left, corresponding to the capacity
decrease under higher current density. By contrast, the charge/
discharge curves of the porous GeO2/Cu/Cu;0 network electrode
shows the best overlap ratio, demonstrating optimal rate perfor-
mances among the three electrodes further.

Fig. 10a—c shows the microstructure (via SEM) of the three
electrode materials after 150 discharge/charge cycles at
1600 mA g~ L. The existence of cracks can be clearly found in Fig. 10a
and b, showing that serious volume expansion occurred during the
cycling. However, no cracks are found in Fig. 10c, indicating that the
volume expansion is not obvious during the cycle. These results
show that the electrode material dealloyed for 5 h can effectively
suppress the volume expansion and ensure its good cycling per-
formance. Fig. 10d and e shows the electrochemical impedance
spectroscopy (EIS) of the three electrodes before and after cycling
for 150 times at 1600 mA g~ .. The semicircles in the high-frequency
region reflect the interface charge-transfer process. It could be
found that with the extension in the dealloying time, the resistance
of the electrodes reduces, which can be ascribed to the increasing
conductive Cu content. After 150 cycles, the resistance of the
electrode dealloyed for 5h becomes larger, but is still lower than
that of the other two electrodes, indicating a great electrochemical
performance. This tendency is consistent with the constant current
charge/discharge curves.
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Fig. 10. SEM images of the experimental anodes which were dealloyed for 20 min (a), 40 min (b) and 5 h (c) after cycling for 150 cycles at a current density of 1600 mAg~"; EIS
interceptions of the experimental anodes dealloyed for different time at a current density of 1600 mA g~': (d) fresh, (e) after 150 cycles.
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Table 1

The comparison of Li storage performances of Cu,0-based anodes between this study and the reported literatures.
Anode material Current density (mAg~) Cycle number Reversible capacity (mAhg™") Reference
Porous Cu,0/Cu0 octahedrons 50 50 415 [22]
Cu,0/Cu0/TiO, hollow nanocages 50 85 700 [39]
Cu,0/CuO/Graphitized porous C 60 200 887.3 [31]
Cu,0-CuO-RGO 100 80 842.5 [30]
Porous hollow Cu,0 nanospheres 100 100 650 [19]
Porous CoO/Cu,0 200 50 832 [16]
Porous Cu,;0/CuO@Ce0, 200 100 592.3 [46]
Cu,0/Cu0/rGO 337 100 550 [14]
Cu0 nanorods@Cu foam 400 100 435.1 [15]
Cuy0/MXene 1000 200 143 [13]
Cu,0@GO 1000 200 240 [20]
Nanoporous GeO,/Cu/Cu,0 network 200 50 715 This work

1600 150 504
The nanoporous GeO,/Cu/Cuy0 anode exhibits better electro- Acknowledgements

chemical performances than most of the reported literatures, as
shown in Table 1 [13—16,19,20,22,30,31,39,46]. The reasons for this
good result can be summed up into two aspects. For the compo-
nential aspect, there are three favorable factors. Firstly, the addition
of GeO, greatly improves the gross capacity of electrode. Secondly,
the synthesis of Cu in networks increases the conductivity of the
electrode and enhances the material's rate performance. Thirdly,
the ratio among active material Cu;0, theoretical high-capacity
material GeO, and conductive Cu is proper, which guarantees the
good capacity and cycling stability. For the structural aspect, there
also are three advantageous points. Firstly, the porous network
structure provides high surface areas readily accessible by carrier
charges and electrolyte, which is beneficial to fast electron and Li-
ion transport. Secondly, the plentiful porous network structure can
accommodate huge volume variation in repeated charging/dis-
charging cycles, which is helpful for relieving capacity fading.
Thirdly, the bimodal porous reticular ligament decreases the Li-ion
diffusion distance between the electrode and the electrolyte, and
also the diffusion pathway inner the active materials, leading to an
improved reaction dynamics. In addition, the strategy used in the
paper enriches the structural design idea of dealloying products,
which may further promote the development of the dealloying
field and could be further applied in future to prepare various
porous composite anodes for Li-ion battery applications.

4. Conclusions

We succeeded in preparing a bimodal nanoporous GeO,/Cu/
Cuy0 network as anode materials for Li-ion batteries by a large-
scale and low-cost dealloying method. The synergistic effect of
porous network and the introduced GeO, and Cu can improve the
capacity of the anode and alleviate the volume expansion in
discharge/charge process effectively, allowing for great cycle and
rate performance. The anode delivered a discharge capacity of
715 mAh g~ after 50 cycles at a current density of 200 mA g~ It
still remained a discharge capacity of 504 mAh g~! after 150 cycles
at a high current density of 1600 mA g~ It also exhibited excellent
rate performance of 812, 782, 741, 695, 635 and 552 mAh g~ ! at 100,
200, 500, 800, 1600 and 3200mAg~! current densities, respec-
tively. When the current density was reversed to 100 mA g, it still
retained a capacity of 791 mAh g~ L. The as-obtained porous Cu;0-
based network was demonstrated to be a promising candidate as
anode materials for Li-ion batteries. The paper also revealed a new
route on synthesizing other porous composite materials for Li-ion
battery applications through the integration of composition and
structure design followed by proper dealloying treatment.
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