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ABSTRACT: Various well-designed nanostructures have been proposed to
optimize the electrode systems of lithium-ion batteries for problems like Li+

diffusion, electron transport, and large volume changes so as to fulfill effective
capacity utilization and increase electrode stability. Here, a novel three-dimensional
(3D) hybrid Sn−Ni@PEO nanotube array is synthesized as a high performance
anode for a lithium-ion battery through a simple one-step electrodeposition for the
first time. Superior to the traditional stepwise synthesis processes of
heterostructured nanomaterials, this one-step method is more suitable for practical
applications. The electrode morphology is well preserved after repeated Li+

insertion and extraction, indicating that the positive synergistic effect of the alloy
nanotube array and 3D ultrathin PEO coating could authentically optimize the
current volume-expansion electrode system. The electrochemistry results further confirm that the superiority of the Sn−Ni@
PEO nanotube array electrode could largely boost durable high reversible capacities and superior rate performances compared to
a Sn−Ni nanowire array. This proposed ternary hybrid structure is proven to be an ideal candidate for the development of high
performance anodes for lithium-ion batteries.
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1. INTRODUCTION
Lithium-ion batteries have been widely used to power portable
electronic devices because they possess the highest energy density
among existing rechargeable batteries.1−3 Tin-based anode materials
have attracted extensive attention because of their high theoretical
capacity of about 993 mA h g−1.4 Besides, their volumetric capacity
(7254 mA h cm−3) is about nine times as high as that of graphite (818
mA h cm−3), which is highly favorable for portable lithium-ion battery
applications.5 However, the drastic volume change of an Sn-based
electrode during repeated lithiation/delithiation would cause severe
mechanical damage and lead to rapid capacity fading during cycling.
Because the realization of high-performance lithium-ion batteries
strongly relies on the electrical properties and mechanical integrity of
the constitutive materials, the problems of structural stability caused by
drastic volume change during cycling need prompt settlement.6

Accordingly, various strategies have been developed to optimize
electrode structures or morphology.6 First, the construction of novel
structures such as highly porous and hollow nanostructures are
extremely desirable with respect to their improvements in capacity
utilization, charge-transport rate, and stable electrode structure on
account of their large electrolyte/electrode contact area for lithium
storage, short Li-ion diffusion distance in the solid phase, and rich
pores as a good accommodation of volume expansion during the
alloying process.7−9 Furthermore, for the sake of maximizing mass
loading of the active materials per geometric area without sluggish Li+

intercalation and less-promising rate capability which are caused by the
lack of enough active surface exposure,10 3D designs of electrode
materials have been highly desirable since their open nanostructures
associated with the high surface area as well as direct connection with
the current collector would translate into high electrochemical

capacities and good rate performance.11 However, large surface area
without protection would lead to more undesirable side reactions and
continued capacity fading inevitably caused by the formation of a solid-
electrolyte interphase (SEI) film, so surface modifications are needed
to further ensure surface stability.12

Typically, one strategy to stabilize the surface and structure is to
create core/shell nanostructures, which is expected to exploit the
advantages of both components and offer special properties through a
reinforcement or modification effect of each other.13,14 The improve-
ments generally include increasing the electronic conductivity,
inhibiting structural changes during cycling, and reducing the thickness
of the SEI film.12 However, in consideration of the fact that the
traditional synthesis processes of core−shell structure electrodes
generally need at least two steps14 and that achieving uniform coatings
around nanostructured electrode materials has been challenging,15 a
facile synthesis route is highly needed.

Inspired by the issues mentioned above, we envision designing a
sophisticated architecture composed of an Sn−Ni alloy nanotube array
with an ultrathin conformal poly(ethylene oxide) (PEO) coating
through a simple one-step electrodeposition process. The end-opened
nanotube array with large surface-to-volume ratio is not only favorable
for efficient ion transports but also capable of providing extra spaces to
accommodate massive volume expansion during the alloying process.
To the best of our knowledge, research about nanotube arrays for
lithium-ion batteries is now concentrated on materials like Si,16

TiO2,
17 SnO2,

18 and other binary metal oxides19 which are deeply
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affected by poor electron transfer resulted from their semiconducting
or even insulating property. In comparison, the Sn−Ni alloy nanotube
array is more promising with its fine conductivity, high capacity, and
the easy fabrication process. Ni is induced not only to enhance the
mechanical strength and electron transfer dynamic along the 1D
nanotube but also to partly alleviate the mechanical stress caused by
the volume change of the Sn phase.20 Meanwhile, ion-conductive
polymer PEO is introduced not only to control the formation of SEI
film and preserve the structural and interfacial stabilization of the
electrode but also to contribute to the formation of hollow alloy
nanotube structure possessing high Li+/electron charge-transfer
kinetics as well as excellent structural stability.21 Thus, the judicious
integration of ultrathin PEO conformal coating with Sn−Ni alloy
nanotube array can effectively endow the electrodes with preferable
cycling stability and rate capability. This Sn−Ni@PEO nanotube array
prepared through a one-step electrodeposition can be considered as a
promising candidate for a high performance lithium-ion battery anode.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Sn−Ni@PEO Nanotube Array.
In this fabrication process, the anodic alumina template (AAO,
ANODISC 13) with an average pore diameter of 200 nm was
purchased from WHATMAN. A conventional three-electrode
cell is used, where an Ag/AgCl electrode immersed in the
saturated KCl solution was used as the reference electrode, and
a Pt foil was used as the counter-electrode. A film of gold was
sputtered on one side of the alumina membrane as working
electrode through ultra high vacuum magnetron sputtering
coating machine (JGP-800). The gold layer is sputtered to
ensure the conductive contact between AAO and Cu foil so
that the Sn−Ni alloy could be deposited on to the Cu current
collector in the pore of AAO template. After the first deposition
layer of Sn−Ni alloy, the electron could be conducted through
Sn−Ni conductive material itself, then nanowires or nanotubes
could grow from bottom to top. The thickness of gold layer is
about 90 nm. Then, the gold sputtered side of the AAO
template was bonded to Cu using conductive silver adhesives.
The electrolyte consisted of 17.82 g L−1 NiCl2·6H2O, 39.4 g
L−1 SnCl2·2H2O, 165.15 g L−1 K4P2O7, 9.38 g L−1 glycine, and
0.6 g L−1 PEO (M.W. 600 000). The galvanostatic electro-
deposition of Sn−Ni@PEO nanotube array was performed on
a PASTART2263 electrochemical workstation at a current
density of 2 mA cm−2 for 2 h at room temperature. The Sn−Ni
alloy was electrodeposited directly onto the Cu current. After
that, the sample was immersed in 1 M NaOH solution to
dissolve the AAO templates and was finally cleaned with
deionized water (DI water). To validate the role of PEO during
the development of the nanotube array architecture, a synthesis
of the Sn−Ni nanowire array was attempted without PEO,
while all other synthetic parameters remained identical to those
for Sn−Ni@PEO nanotube array.
2.2. Characterization. The morphology and structure of

the as-prepared samples were investigated by a Hitachi S-4800
field-emission scanning electron microscope (FE-SEM) at an
accelerating voltage of 5 kV and a high-resolution transmission
electron microscope (HR-TEM, JEM-2100F) operated at 200
kV. The composition of the electrode material was investigated
using Genesis XM2 energy dispersive X-ray spectroscopy (EDS,
USA). The crystal structure of the products were characterized
by X-ray powder diffraction (XRD) using an automated D/
MAX-2500 X-ray diffractmeter with monochromatic Cu Kα
radiation, the 2 theta Bragg angles were scanned over a range of
25−85° at a rate of 5.0° min−1. The Brunauer−Emmett−Teller
(BET) specific surface area analysis was performed by

measuring the N2 adsorption−desorption isotherms at 77 K
on a BelSorp-Mini instrument. The electrode materials after
200 cycles were washed with acetonitrile in the glovebox and
than sealed in a hermetic bag before taken out to test.

2.3. Electrochemical Measurements. Electrochemical
performance was investigated directly using coin cells (type
CR2032) assembled in an argon-filled glovebox. Li metal foil
was utilized as the counter electrode, 1 M LiPF6 in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1 by
volume) was used as the electrolyte, the as-prepared Sn−Ni@
PEO nanotube array electrode was used as the positive
electrode, and Celgard 2400 was used as the separator. Each
cell was aged for 24 h at room temperature before the
electrochemical tests. The galvanostatic charge/discharge
measurements and rate performance were performed over the
potential range 0.01−2.0 V (vs Li+/Li) using an LANHE
battery testing system at room temperature. The electro-
chemical impedance spectroscopy (EIS, 0.1−1 × 106 Hz) was
carried out by a CHI 660D system.

3. RESULTS AND DISCUSSION
The growth mechanism of the hybrid nanotube array, although
not completely understood, is briefly suggested as follows. As
presented in the schematic depiction for the synthesis of Sn−
Ni@PEO nanotube array (Figure 1), the architecture is

obtained through a simple one-step electrodeposition in an
aqueous electrolyte containing Ni2+, Sn2+, and PEO. Because
the PEO molecule contains numerous polyether segments and
terminal hydroxyl groups, it can not only physically form weak
covalent bonds with the oxygen-containing functional groups
on the surface of the AAO wall, but also attract Sn2+ and Ni2+

through electrostatic attraction.22 Therefore, it is favorable for
the fast electrochemical reduction along the pore wall.
Meanwhile, PEO molecules adsorbed on the surface of the
initial deposited Sn−Ni layer can produce an inhibition for
further metal deposition perpendicular to the AAO walls. Thus,
the function of PEO greatly contributes to the preferential
growth of Sn−Ni alloy along the pore wall, realizing the
formation of distinct heterostructure composed of Sn−Ni alloy
nanotube array with conformal ultrathin PEO coating.
The detailed structure of Sn−Ni@PEO nanotube array and

Sn−Ni nanowire array are schematically illustrated by FE-SEM.
Top view images clearly show their upstanding tubular
geometry (Figure 2a and c) and solid nanowire structure
(Figure 2b and d), respectively. The dimensions of the two
samples are identical (∼200 nm). At low magnification in
Figure 2a, all the nanotubes show well designed open end,
which confirmed the ubiquity of the nanotube structure. Closer
observation of the nanotube array depicted in Figure 2b reveals
that the individual end-opened Sn−Ni@PEO nanotube has a

Figure 1. Schematic illustration for the formation of the Sn−Ni@PEO
nanotube array.
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wall thickness of 50−60 nm with an inner diameter of ∼100
nm. Furthermore, the corresponding N2 adsorption−desorp-
tion analysis shown in Figure 3 reveals that the end-opened

Sn−Ni@PEO nanotube array possesses a large BET specific
surface area of 87.6 m2 g−1, which is about one time higher than
that of the Sn−Ni nanowire array (40.3 m2 g−1). With open
ends and hollow interior, this electrode material can further
reduce Li+ diffusion length and achieve larger Li+ flux at the
active materials/electrolyte interface since the lithium insertion
is available via both inner and outer surfaces. Significantly, in
order to maximize the active sites for energy storage per
geometric area and guarantee enough mass-loading for
electrode materials to store a sufficient amount of energy, the
lengths of the 1D nanotubes can be controlled by changing the
deposition time. Though more severe agglomeration is
unavoidable with longer nanotube arrays owing to their higher
aspect ratio and lower stiffness, the ion-conductive PEO coating
layer can serve as a geometrical separator to avoid the
agglomeration effectively.10 So this construction that combines
the 3D open structure and flexible confining coating is expected
to contribute to an upgraded cycling performance of anode
materials.
Further insights into the morphology and structure of the

resulting Sn−Ni@PEO nanotube arrays are carried out through
TEM investigations. As shown in Figure 4a, the walls of the
nanotube structure can be clearly identified as they appear to be
darker under the TEM, while the hollow parts look brighter.
The corresponding HR-TEM image taken at the edge of the

core/shell nanotube clearly shows a well-developed electrode/
polymer electrolyte interface and a uniform amorphous PEO
coating layer with a thickness of ∼10 nm (Figure 4c).
Meanwhile, a PEO coating layer forms on the inner wall of
nanotube as well through the electrostatic attraction. This can
be confirmed by EDS mapping as shown in Figure 4b that from
the edge of inner wall of the nanotube to the outer wall, C has a
wider distribution than Sn and Ni which are only observed up
to 8−10 nm deep from the surface. This gives direct proof for
the uniform surface modification of PEO on Sn−Ni nanotubes.
The polycrystalline Sn−Ni alloy and low crystallized PEO are
illustrated in the selected area electron diffraction (SAED)
patterns from diffraction dots (Ni3Sn4) and weak rings (PEO)
(Figure 4d). Moreover, the magnified lattice fringes of the inner
alloy layer are shown in Figure 4e. There are two sets of
overlapped lattices: the lattice indicated by the yellow arrow can
be ascribed to the (321) facet of Sn (JCPDS 04-0673) whereas
other lattices marked with red arrows match well with the
(−401) and (401) planes of Ni3Sn4 (JCPDS 04-0845),
respectively.
The molecular structures of the Sn−Ni@PEO composite

were also characterized by FT-IR spectroscopy. The character-
istic absorption of PEO in the samples are presented in Figure
5, which indicated that the main polymer chains of the Sn−
Ni@PEO composite were similar to that of the PEO. It can be
clearly seen that the characteristic peaks of PEO are located at
around 3450, 2916, 2845, and 1168 cm−1, which correspond to
the stretching vibration of −OH, C−H, and C−O−C in the
PEO chains, respectively. Besides, the characteristic peaks
around 1436 cm−1 are related to the deformation vibrations of

Figure 2. SEM images of (a and b) Sn−Ni@PEO nanotube array and
(c and d) Sn−Ni nanowire array at different magnifications.

Figure 3. Surface areas of Sn−Ni@PEO nanotube array and Sn−Ni
nanowire array.

Figure 4. (a) TEM image of Sn−Ni@PEO nanotube and (b)
corresponding elemental mapping of C, Ni, and Sn in Sn−Ni@PEO
nanotube; (c) TEM image of detailed structure of the core/shell Sn−
Ni@PEO nanotube at higher magnification (including the PEO layer
and the inner alloy layer); (d) SAED patterns and (e) HR-TEM image
of the Sn−Ni alloy layer.

Figure 5. FT-IR spectra of Sn−Ni@PEO nanotube array and pure
PEO.
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C−H. The characteristic peaks around 1100 and 1350 cm−1

confirms the existence of crystal phase in PEO, which also
implies that the degree of crystallinity in Sn−Ni@PEO
composite is much less than that in pure PEO.
The crystallographic structure of Sn−Ni@PEO nanotube

array is further analyzed by XRD as shown in Figure 6. Peaks of

Ni3Sn4 alloy at around 30.9°, 33.4°, 38.6°, 43.9°, 44.6°, 78.3°,
and 81.5° (JCPDS 04-0845) can be clearly identified, indicating
that Ni3Sn4 is the predominant phase. Besides, when compared
with the Sn−Ni nanowire array, the XRD pattern of Sn−Ni@
PEO nanotube array shows stronger Sn peaks at 30.6°, 32.0°,
55.3°, 63.8°, and 64.6° (JCPDS 04-0673). This may be owing
to the stronger inhibition effect of PEO on electrochemical
reduction of Ni2+ than that of Sn2+, thus hindering the
formation of Sn−Ni alloys while relatively enhancing the
formation pure Sn phase. As described in the EDS analysis, the
atom ratio of Sn and Ni in Sn−Ni@PEO nanotubes is about
3:2 (Figure 7a), and in Sn−Ni nanowires, the atom ratio of Sn

and Ni is about 5:4, lower than the former (Figure 7b). The
inactive phase in tin-based intermetallic compounds Ni3Sn4, Ni,
can serve as a buffer which partly alleviates mechanical stress
caused by the volume change of the active phase and act as a
barrier against the aggregation of Sn during Li-ion insertion and
extraction processes. It was found that higher capacity could be
obtained when the electrode was a mixture of alloy and pure
Sn.23 Thus, as the Sn phase in the Sn−Ni@PEO nanotube
array is much larger than that in the Sn−Ni alloy nanowire
array, it can be expected that an Sn−Ni@PEO nanotube array
anode can better enhance the capacity and cycle performance
than the traditional Sn−Ni alloy anode.
The electrochemical cycling performance of the composite

electrode is evaluated by galvanostatic charge/discharge cycling
at a constant current density of 0.2 A g−1 from 2.0 to 0.01 V
(Figure 8). For comparison, the Sn−Ni nanowire array

electrode is also investigated under the same conditions. The
voltage profiles of both samples show reversible electrochemical
reactions at distinct voltage plateaus around 0.7, 0.54, and 0.456
V in discharge curves and 0.77, 0. 7, 0.57, and 0.45 V in charge
curves, which are associated with the lithiation and delithiation
processes of LixSn.

24 The electrochemical plateau above 0.75 V
during the first cycle should be closely ascribed to the
formation of SEI layer in the first cycle, which could not be
avoided in the electrochemical cycling. The potential plateaus
between 0.4 and 0.7 V can be mainly ascribed to Sn alloying
with Li to form LixSn (x < 2.33), and the reactions below 0.3 V
can be assigned to the further formation of LiySn (3.5 < y < 4.4)
from LixSn (x < 2.33). For pure Sn, its reaction with lithium is a
solid-solution (insertion) reaction. Lithium ions are added in
the Sn phase. The reaction between Sn and lithium can be
written generally as

+ ↔x xLi Sn LiSn (1)

For Sn−Ni alloy, its reaction with lithium is a displacement
reaction.25 When lithium reacts with Sn, the inactive Ni would
be displaced or extruded from the parent phase. The extruded
component Ni does not participate in the reactions but acts as a
buffering matrix. The reaction between Ni3Sn4 and lithium can
be written generally as

+ → +x xyLi Ni Sn LiSn Niy x (2)

In other words, the actual reactions are the reactions between
pure Sn phase and lithium. Because the Gibbs free-energy
change for this reaction is the free energy of formation of
product LiSnx subtracting the free energy required to cleavage x
mole of compound SnNiy. Consequently, the reaction
equilibrium potential for compound SnNiy is lower than that
for pure Sn phases.25 Low charge−discharge polarization is
obtained in both electrodes on account of the good electron
conduction of the binder-free Sn−Ni alloy electrode. Moreover,
as we can observe in Figure 8a and b, the voltage profile of Sn−
Ni@PEO nanotube showed a little difference compared with

Figure 6. XRD profiles of (a) Sn−Ni nanowire array and (b) Sn−Ni@
PEO nanotube array.

Figure 7. EDS microanalysis with corresponding element mass and
atomic percentages of (a) Sn−Ni@PEO nanotube array and (b) Sn−
Ni nanowire array.

Figure 8. Galvanostatic charge/discharge curves of (a) Sn−Ni@PEO
nanotube array (inset: schematic representation of solid nanowire
configuration with the arrows indicating direction of Li ion transport);
(b) Sn−Ni nanowire array for the initial three cycles (inset: schematic
representation of the individual hollow nanotube morphology with the
radial direction of Li ion transport); (c) Coulomb efficiency; and (d)
cycle performance of Sn−Ni@PEO nanotube array and Sn−Ni
nanowire array in the electrode potential range of 0.01−2.0 V (vs Li/
Li+) at 0.2 A g−1.
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that of Sn−Ni nanowire electrodes; this can be caused by two
factors. First, as shown in the XRD spectrum, the Sn−Ni@PEO
nanotube has more Sn phase besides the Ni3Sn4 phase, so the
multistep Li−Sn alloy reactions of Sn and Ni3Sn4 lead to a
relatively smooth voltage profile of Sn−Ni@PEO nanotube.
Second, because of the formation of hollow structure rely on
the inhibition effect of PEO, the formed crystalline grain is
smaller than that of solid Sn−Ni nanowire array and lead to
increased surface area. Different surface and subsurface sites
react at slightly different potentials, leading to a concomitant
dispersion of values at which the electrochemical reaction takes
place.26 Specifically, the profiles of Sn−Ni@PEO nanotube
array electrode show more stable plateaus than that of Sn−Ni
nanowire array electrode, implying preferable reaction kinetics
and cycling stability. The nanotube configuration shows an
initial reversible capacity of ∼946 mA h g−1 whereas the
nanowire configuration delivers an initial reversible capacity of
∼875 mA h g−1. The difference in the initial capacity can be
partly attributed to different accessibility of Li+ to the active
material. Li+ transport in these configurations has been
schematically illustrated in the respective plots in Figure 8a
and b. It can be clearly seen that Sn−Ni nanotube array is
endowed with shorter radial Li+ diffusion distance and larger
active material exposure. Though, for the Sn−Ni@PEO
nanotube array, the large superficial area would consume
more Li+ during the formation of SEI film in the first cycle and
lead to lower first coulomb efficiency (∼78.9%) as shown in
Figure 8c, its average coulomb efficiency from the second to
200th cycle remains 99.8%, higher than that of the nanowire
array. This strongly indicates the well maintained reversibility of
electrochemical reactions on account of stable electrode
structure and the effectively avoided detrimental reactions
between Sn and electrolyte through the conformal coating of
PEO. From Figure 8d, the Sn−Ni@PEO nanotube array
electrode exhibits a high reversible capacity of 628 mA h g−1

over 200 cycles, corresponding to 63% capacity retention. This
is more promising than that of Sn−Ni alloy nanowore array
conducted by Yang et al.,27 which showed a capacity of ∼470
mA h g−1 after 50 cycles, confirming that the synergistic effect
of hollow structure with conformal coating would contribute to
better electrochemical performance then solid structure
electrode materials. In our research, the capacity of Sn−Ni
nanowire array electrode fades to a value of 380.5 mA h g−1

after 200 cycles, corresponding to only 38% capacity retention.
The cycle stability and reversible capacity of Sn−Ni@PEO
nanotube array is markedly superior to that of Sn−Ni nanowire
array.
This improved performance can be put down to the end-

opened alloy nanotube structure which can not only provide
larger materials/electrolyte interface for shorter Li+ diffusion
length and larger Li+ flux at the interface but can also effectively
accommodate the local volume change during Li insertion/
desertion. The enhanced structure and surface stabilization is
demonstrated through SEM investigations. As shown in Figure
9b, when fully lithiated in the first cycle, the thickness of the
tube wall increases about 23 nm while total expansion of
diameter only shows a modest increase of about 10 nm. The
hollow interior largely absorbs the volume expansion. While the
lithiated nanowire suffers a dramatic radial expansion of ∼20
nm, and the spaces between nanowires are completely occupied
(Figure 9e). The drastic volume change would inherently result
in severe pulverization of the electrode materials upon
electrochemical cycling and lead to the formation of a thick

SEI films which would cause the consumption of more Li+ and
a large irreversible capacity. After complete delithiation after 50
cycles, the structure integrality of the nanotube array is well
preserved without obvious SEI formation (Figure 9b), wall
thickness expanded a little, which is caused by the Li trapped in
the anode materials during cycling. Meanwhile, there still exist
enough spaces between adjacent nanotubes as we can see from
the top view. Despite the fact that the smooth wall surface
becomes rough due to the repeated lithiation/delithiation
reactions, the integral structure remains almost the same with
the pristine product, confirming the durable electrode integrity
in long-term operation. In addition, a thick SEI film covered the
surface of the nanowire array as we can see in Figure 9d, the
SEI film mainly covered above the array, while the inner
nanowires remained the same. Because of the serious formation
of SEI film and lack of channels for electrolyte permeation, the
active materials cannot be fully used and the reverse capacity
drops rapidly.
Apart from the well designed structure that enhanced the

electrode stability, the interfacial stabilization effect of
conformal PEO coating is also important. The SEI formation
on Sn-based anode appears to be a dynamic process of breaking
off and reforming due to the new surfaces exposure to
electrolyte caused by the constant volume change during
cycling, which would cause a large amount of Li+ and sacrifice
the reversible capacity. Therefore, the SEI stability on the
negative electrode is critical to the cycling characteristics of
electrodes, especially for electrode materials suffering from
severe volume expansion. Coating with soft PEO film on the
surface of Sn−Ni alloy can not only prevent the direct contact
of active materials with the electrolyte but also accommodate
the internal stress of anodes suffering from severe volume
change, thus ensuring the stability of the SEI film and reduce of
the thickness of the SEI layer. According to the BET analysis
taken after 50 cycles, the large surface area of the 3D end-
opened nanotube array is better maintained than that of the
solid nanowire array (Figure 10), indicating that stable
electrode/electrolyte contact and fast lithiation/delithiation
kinetics are allowed throughout the cycling test of Sn−Ni@
PEO nanotube array electrode. Yet on the other hand, the
deteriorated cycling performances of nanowire array electrode
can also be ascribed to the agglomeration of solid nanowires

Figure 9. SEM images of the (a, b) Sn-Ni@PEO nanotube array and
(c, d) Sn-Ni@PEO nanotube array electrode (a, c) after first lithiation,
and (b, e) full delithiation after 50 cycles.
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and the formation of thick SEI film which largely blocks the Li+

transportation and causes inadequate utilization of inner active
materials.
To evaluate the merits of this hybrid nanotube array

architecture for fast electrochemical reaction kinetics, the rate
performances are tasted at variable current densities. As shown
in Figure 11a, the charge/discharge curves of Sn−Ni@PEO

nanotube array electrode at different current densities show
evident plateaus without obvious differences. When the charge/
discharge current increased to 5 A g−1, the lithiation/
delithiation potential still shows a step profile, indicating highly
reversible Sn−Li alloy/dealloy reactions at higher charge/
discharge rates. According to Figure 11b, reversible capacities of
the Sn−Ni@PEO nanotube array electrode are 939, 729, 635,
and 533 mA h g−1 at the increasing current densities of 0.2, 0.5,
2, and 5 A g−1 every 20 cycles, respectively. When the current
density is switched back to the initial 0.2 A g−1 after 80 cycles,
the composite electrode retains its capacity of about 619 mA h
g−1, while the capacities of the Sn−Ni nanowire array electrode
decrease rapidly to a capacity of about 170 mA h g−1 at a
current density of 5 A g−1 after 80 cycles. To fully illustrate the
rapid transport capabilities of the Sn−Ni@PEO nanotube array

anode, the deep cycling results at higher rate are shown in
Figure 11c. A stabilized capacity of 545 mA h g−1 is achieved
with high coulomb efficiency at a current density of 5 A g−1

after 200 cycles.
In essence, the high rate capability and the cycle stability are

tightly related to the thickness of SEI film, interfacial charge-
transfer process, and Li+ diffusion in the composite. To gain
further insight into the advantages of Sn−Ni@PEO nanotube
array anode, EIS measurements are carried out after the first
and 200th cycle respectively at the fully delithiation state (1.5 V
vs Li+/Li). The complex plane plots for each sample can be
divided into high frequency semicircle and low frequency
sloping line (Figure 11d). The high frequency intercept of the
semicircle is generally considered as electrical conductivity of
electrodes, electrolyte, and separator, and it remained almost
constant after 200 cycles for both electrodes. The depressed
semicircle in the high-frequency range is correlated to the
resistance of the SEI layer formed on the surface of electrode
(Rsf) and the charge-transfer resistance (Rct) between the
surface films and the active material. After 200 cycles, no
obvious R(sf+ct) impedance increase is detected for Sn−Ni@
PEO nanotubes array after 200 cycles, indicating the stable thin
SEI layer and quick lithium-ion diffusion rate. Meanwhile, the
impedance for Sn−Ni nanowire array increases significantly
after cycling. This could be attributed to the stable structure of
Sn−Ni@PEO nanotubes array which could effectively ease the
pile-up of SEI during cycling process, and the specific hollow
nanotube structure can increase the exchange rate of electrode
material and electrolyte ions. Furthermore, in the low frequency
area, the phase angle for impedance plot of the Sn−Ni@PEO
nanotube array is much higher than that of the Sn−Ni
nanowire array after 200 cycles, indicating a faster Li+ diffusion
in the nanotube structure during repeated charge/discharge
processes.
Hence, the good cycling and rate performance of hybrid

nanotube array electrode can be attributed to the synergetic
effect of four factors: first is the high utilization of electrode
materials and fast Li+ transport dynamic on account of large
active materials’ exposure and short ion diffusion lengths;
second is the enhancement of the electronic conductivity along
the one-dimensional nanotube structure through the introduc-
tion of Ni and the direct connection with the current collector;
third is the well-defined hollow nanotube structure which is
capable of buffering the huge volume expansion and provide
larger materials/electrolyte interface for faster reaction kinetics;
fourth is the combination of the merits of intermetallic
compounds and high capacity of Sn; the last but very important
factor is the ultrathin PEO coating which not only contributes
to the formation of hollow structures but also helps stabilize the
SEI film while maintaining excellent ionic conductivity and
provides elastic accommodation to restrain substantial elec-
trode agglomeration and pulverization.

4. CONCLUSIONS
In conclusion, a facile route has been developed to directly
grow a Sn−Ni@PEO nanotube array through a one-step
electrodeposition. In this well engineered ternary hybrid
architecture, the desired structural features of each component
are thoroughly presented to guarantee sufficient exposure of
active sites, highways for ion/electron transport, and excellent
structural/interfacial stability. The electrode morphology is well
preserved after repeated Li+ insertion and extraction, and the
electrochemistry results confirm that all the features of this

Figure 10. Surface areas of Sn−Ni@PEO nanotube array and Sn−Ni
nanowire array after 50 cycles.

Figure 11. (a) Charge/discharge profiles of Sn−Ni@PEO nanotube
array electrode at various current densities; (b) rate performance
demonstration of Sn−Ni@PEO nanotube array (black) and Sn−Ni
nanowire array electrodes (red) at different current densities; (c)
lithiation/delithiation capacities and coulomb efficiency of Sn−Ni@
PEO nanotube array electrode cycled at 5.0 A g−1 for 200 cycles; (d)
typical Nyquist plots of the Sn−Ni@PEO nanotube array and Sn−Ni
nanowire array electrodes after the first and 200 cycles respectively at
the fully delithiation state (1.5 V vs Li+/Li). 1 C is equal to 993 mA h
g−1.
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novel anode material are simultaneously and authentically in
favor of optimizing the current volume-expansion electrode
system of the lithium-ion battery to achieve full utilization of
the active materials and stable cycling performance with long
life-span at high rates. Besides, superior to the traditional
stepwise synthesis processes of core−shell structure, the well-
designed alloy nanotybe array with uniform PEO coating
achieved in the one-step process is more suitable for practical
applications, and this proposed ternary hybrid structure is an
ideal candidate for the development of high performance anode
materials of lithium-ion batteries.
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