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ABSTRACT: The key challenge in utilizing tin-based intermetallic compounds
for lithium-ion batteries (LIBs) is the poor cycling stability which is caused by
the huge volume change during the alloying/de-alloying processes. In this work,
concerning this issue, a novel template-free electrodeposition procedure to
prepare mutual independent Sn,Ni; nanoparticles is presented. As-fabricated
Sn,Ni; nanoparticles deliver a high reversible capacity of 388.9 mAh g™' at a
current density of S0 mA g '. Especially, such materials possess admirable
cycling stability (no capacity fading after 1200 cycles at 200 mA g~') which can
be attributed to the mutual independence of each nanoparticle. Combining with
the high rate capability, the Sn,Ni; nanoparticles present a promising future of

long-life tin-based intermetallic LIB anodes.
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Bl INTRODUCTION

Silicon- and tin-based materials are considered to be very
appealing anodes of lithium-ion batteries (LIBs) owing to their
intrinsic high specific capacity." Systematic and admirable works
(especially nanosilicon composites via Cui’s group)”’ have
been done, and great progress has been achieved in the field of
silicon anode materials, leaving tin-based materials in need of
more effort. The crux of poor cycling stability is one of the
main obstacles to give full play of its high theoretical capacity
(Liy4Sn, 994 mAh g™'). And the key component in its poor
cycling stability is the serious volume expansion and then
pulverization during the alloying/de-alloying processes.
Strategies to improve the cycling stability always focus on the
structure and space designs which are mainly based on the
micro- and nanofabrication methods*™"" with great advantages
of reducing the path length of inward ion diffusion and
enhancing the resistance to the structural pulverization.'”™'* A
series of nanofabrication methods have been introduced in
fabricating the tin-enriched or tin-based materials (such as
SnSe,,"® SnSSe,"”"” MoS;.,"® Sn—Co,'” and Sn—Ni alloys™”)
with nanometer sizes or micro-/nanostructures to improve the
cycling stability. In general, template-assisted growth is a widely
used method in fabricating tin-based nanomaterials.”' >’
Templates with specific structures, such as three-dimensional
(3D) matrix substrate,”*>” anodic aluminum oxide (AAOQ)
template,”® and polycarbonate porous template,” are fre-
quently used to optimize the morphologies of the electrode
materials. As early as 10 years ago, Hassoun et al. improved a
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SnyNi; intermetallic nanostructured electrode via electro-
deposition on a nanoarchitectured Cu substrate which could
effectively accommodate the volume expansion during the
cycling process, resulting in high rate capability with excellent
capacity retention of S00 mAh g~' with no decay after 200
cycles.”" Recently, Tian and co-workers developed a simple way
to build 3D Ni—Sn nanowire networks by using 3D porous
AAO templates. Such 3D Ni—Sn nanowire networks can
deliver a cazpacity as high as 4.3 mAh cm™ with a cycle life over
50 cycles.”

However, despite the improved cycling stability in these
works, the issue of long-term cycling stability still remains
unsolved. Very recently, we reported a 3D core—shell Sn—Ni—
Cu alloy@carbon nanorod which was fabricated by gulse
electrodeposition with a polycarbonate porous template.”® In
our design, the novel nanoarchitecture can offer enough
interspace for large volume expansion; thus the nanostructured
electrodes exhibit almost 100% capacity retention over 400
cycles at 450 mA g'. Unfortunately, template-assisted methods
are too expensive for commercialization. Moreover, the cycling
stability of current Sn—Ni alloy electrodes, although superior to
that of the pure Sn film electrode, is still not satisfactory enough
for a longer cycling life. Herein, we report a novel template-free
electrodeposition method to fabricate mutual independent Sn—
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Ni nanoparticles as LIB anode. A high reversible capacity of
388.9 mAh g~' is demonstrated at a current density of SO mA
g~". Furthermore, long-life cycling stability is also achieved (no
capacity fading after 1200 cycles at 200 mA g™'), which should
be assigned to the mutual independence of each nanoparticle.
Together with the high rate capability, the Sn,Ni; nanoparticles
should be regarded as a promising candidate of tin-based
anodes for long-life LIBs.

B EXPERIMENTAL SECTION

Synthesis of the Sn,Ni; Electrodes. The Sn,Ni;
electrodes were prepared by an electrodeposition method
with a constant current at room temperature. A copper foil with
10 um thickness was used as the cathode for the electro-
deposition. Before depositing, the Cu foil was purified by dilute
sulfuric acid (S wt %) and then cleaned with ethanol and
deionized water in turn. A rectangular plastic box was used for
plating bath, and the size of the Cu foil used for electro-
deposition is 4 X S cm?® Electrodeposition processes were
performed using a Maccor Series MC-16 battery testing system.
All of the electrodes were electrodeposited for 20 min at a
constant current density of 2 mA cm ™ with a Pt foil electrode
as the anode. The components of the aqueous plating baths for
depositing the Sn,Ni; electrodes (named as electrode E1) and
the compact SnNi, 5 film (named as electrode E2) are given in
Table 1. The solution for electrode E1 is pH 3 and the solution
for electrode E2 is pH 8, which are adjusted by diluted sulfuric
acid.

Table 1. Plating Bath Compositions for the Two Sn—Ni
Alloy Electrodes

solution for E1 solution for E2

formulation (mol L7Y) (mol L)

SnsO, 0.01 0.01
NiSO,-6H,0 0.01 0.01
potassium pyrophosphate (K,P,0-) 0 0.1
sodium gluconate (C4H,;;O,Na) 0.1 0
boric acid (H;BO;) 0.2 0
ammonium hydroxide (NH,OH) 0 0.13
glycine (H,NCH,COOH) 0 0.05
Na,SO, 0.2 0.2

Material Characterizations. Crystal structures of the Sn—
Ni alloys were measured by X-ray diffraction (XRD) with a
Bruker generator working with Cu Ka radiation (4 = 1.5416 A).
Morphologies and chemical compositions of the Sn—Ni alloy
electrodes were visualized by scanning electron microscopy
(SEM; ZEISS SUPRA-SS) equipped with an energy dispersive
X-ray spectroscopy (EDX; Oxford X-Max) and X-ray photo-
electron spectrometer (XPS; Thermo Scientific, Escalab
250Xi). The uniformity of the thin film surface was observed
by a 3D laser confocal scanning microscope (VK-X200).

Electrochemical Tests of the Sn—Ni Alloy Electrodes.
Electrochemical performances of the Sn—Ni alloy electrodes
were characterized with lithium metal foils as the counter
electrodes, Celgard 2400 as the separators, and 1 M lithium
hexafluorophosphate (LiPFs) in a mixture of ethylene
carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl
carbonate (EMC) (v:v:v = 1:1:1) as the electrolyte, and then
assembled into CR2032-type coin cells in an argon-filled
glovebox. The average mass loading for both Sn—Ni alloy active
materials on Cu substrates is about 0.4 mg cm™?, which was

measured by a microbalance (MS10S with a resolution of 0.01
mg). The cyclic voltammetry (CV) curves were carried out
within the range of 0.01—2.0 V at a scanning rate of 0.1 mV s™"
using a CHI660C electrochemical system (Chenhua Instru-
ment Co.). Electrochemical impedance spectroscopy (EIS)
measurements were also performed on the CHI660D electro-
chemical system. All cells were galvanostatically charged and
discharged at different current densities between 0.02 and 2.0 V
by a battery cycler system (LAND-CT2001).

B RESULT AND DISCUSSION

The Sn—Ni alloy electrodes were prepared by an electro-
deposition method on the copper foils (with an average
thickness of 10 ym) purified by dilute sulfuric acid with a
constant current (2 mA cm™2) for 20 min at room temperature
with a Pt foil electrode as the anode. The components of
aqueous plating baths for depositing the Sn,Ni; electrodes
(named as electrode E1) and the compact SnNi, g film (named
as electrode E2) are given in Table 1. The morphologies of
electrodes E1 and E2 were evaluated by SEM (Figure la—d).
Electrode E1 (Figure 1a,b) is composed of many nanoparticles
with irregular shape and an average size of less than 400 nm.
No exfoliation phenomenon occurs during the preparation
process, indicating the integrated particle distribution, and this
is favorable to reduce the length of the jon-diffusion path. As
shown in Figure 1c,d, electrode E2 is accumulated with many
closely packed nanoparticles. This configuration could not
provide enough space to buffer the volume expansion and
ensure sufficient electrolyte wettability inside the film during
the lithiation process. The average thickness of the two thin
film electrodes is 3—4 pm (as shown in Figure S1), and the
surface roughness was observed through a 3D laser confocal
scanning microscope. Three-dimensional scanning images show
that E1 electrode has a higher integral flatness than E2
electrode (Figure S2). The morphologies and crystal structures
of the two electrodes are reproducible in the different
preparations (Figures S3—S5).

The crystal structures of the Sn—Ni alloys were measured by
XRD with a Bruker generator working with Cu Ko radiation.
The XRD patterns of electrodes E1 and E2 are separately
shown in Figure lef. The pattern of electrode El indicates a
Sn,Nij crystalline phase (JCPDS No. 65-4310). The diffraction
peak at 32.1° probably involves the presence of Sn as marked in
Figure le. As for the pattern of electrode E2, a SnNij, 5 alloy
phase with hexagonal structure (space group, p6;/mmc) is
detected with two main 26 peaks at 30.6 and 44.2°
corresponding to crystal planes of (101) and (110),
respectively, which could be attributed to a reference SnNi; g
intermetallic compound (JCPDS No. 65-9460).

The surface elemental composition of electrodes E1 and E2
were determined by EDX (Figure 2a)b, respectively) and XPS
(Figure 2c,d, respectively), respectively. Quantitative informa-
tion was also provided by EDX (as shown in Figure S6a)b,
respectively), the atomic ratios of Sn:Ni are 29.2:23.7 for
electrode E1 and 27.2:29.7 for electrode E2, respectively. Both
of the electrodes reveal the homogeneous distributions of Cu,
Sn, and Ni elements, suggesting that both the Sn,Ni; and
SnNi, 5 species are evenly distributed across the surfaces of the
Cu foils. The atomic ratio of Ni to Sn in the electrode E1 is
lower than that of electrode E2 owing to a different
electrochemical reactivity of Ni in the two plating baths (it is
easier to deposit Ni under an alkaline condition than an acidic
condition at room temperature). XPS spectra confirm the
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Figure 1. Characterizations of the E1 and E2 electrodes. (a, b) SEM images of the electrode El. (c, d) SEM images of the electrode E2. XRD
patterns of the electrodes E1 (e) and E2 (f).
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Figure 2. EDX images of the electrode E1 (a) and E2 (b). Both of the electrodes demonstrate the homogeneous distribution of Cu, Sn, and Ni
elements. XPS spectra of the electrode E1 (c) and E2 (d), respectively.

existence of Sn and Ni elements on the surfaces of both are observed in both spectra, but they disappear after Ar*
electrodes. Also, notice that strong O 1s XPS signals (530 ev) sputtering 300 s (Figure S7a,b, respectively). This indicates that
C DOI: 10.1021/acsaem.7b00242
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Figure 3. Electrochemical performances of the electrodes E1 and E2. (a) Typical cyclic voltammogram (CV) curves of electrodes E1 and E2 (both
third cycle) performed between 0.01 and 2.0 V at a scan rate of 0.1 mV s™". Discharge—charge curves of the electrode E1 (b) and E2 (c) at a current
density of 200 mA g™. (d) Cycling performances of the two electrodes at 200 mA g™'. Rate capability of the electrode E1 (e) and E2 (f). Li s
spectra of the fully discharged electrodes E1 (g) and E2 (h) after 10 cycles.

the metallic elements on the surface were oxidized. Sn 3d and
Ni 2p spectra before and after Ar" sputtering demonstrate the
presence of high-valence Sn only on the surface (not in the
bulk) of electrode E1 (Figure S7c) and no change for Ni
(Figure S7d).

Figure 3a exhibits the CV curves of electrodes E1 and E2
within the voltage range of 0.01—2.0 V at 0.1 mV s™'. During
the cathodic scan process, the reduction peaks located at 0.30
and 0.31 V (electrodes E1 and E2, respectively) should be
assigned to the process of lithium-ion insertion into Sn,Ni; and
SnNi, 5 species. And the following reduction peaks located at
0.01 V for both the electrodes could be assigned to the alloying
reaction with Li,,Sn as the product. During the following
anodic scan process, the de-alloying reaction occurs for both of
the electrodes (0.63 and 0.51 V for the electrodes E1 and E2,
respectively). Then the oxidation peaks located at 0.76 and 0.60
V should separately correspond to the extraction process of
lithium ions from the Sn,Ni; and SnNi; g species. The
lithiation/delithiation mechanisms can be described as the
following reactions:”"

NiSn, + 4.4xLi" - «Li,,Sn + Ni (lithiation) (1)

Li, ,Sn < Sn + 44Li* 4+ 4.4~ (delithiation) (2)

The galvanostatic voltage profiles of electrodes E1 and E2 are
demonstrated for several cycles in Figure 3b,c. The first
discharge capacity of electrode E1 is as high as 481.5 mAh g7,
and the Coulombic efficiency is 67.9% (subsequent efficiency
data see Figure S8). Both two values are much higher than that
of 321.7 mAh g™ and 48.6% for electrode E2. This should be
caused by the poor electrolyte wettability inside the closely
packed SnNi, 5 nanoparticles. In addition, according to the rule
of reversed stability,”>>’ a higher alloy formation enthalpy
makes the alloy more stable. Considering the formation
enthalpy of SnNi,; is higher than that of Sn,Nij, it can be
concluded that the higher stability of SnNi, 5 could increase the
difficulty of lithium-ion insertion and thus decrease the
theoretical capacity.”* The initial irreversible capacity for both
of the electrodes should be attributed to the formation of the
solid electrolyte interphase (SEI) film and the irreversible alloy

phase during lithium intercalation.*>*® The surface elements of
electrode E1 after 10 cycles were analyzed by XPS (Figure S9),
which shows obvious C, O, and F 1s signals but hardly
appreciable Ni and Sn signals, indicating the existence of a
relatively thick SEI film. The following second, 50th, and 200th
cycles of electrode E1 also show much higher capacity deliveries
than those of electrode E2.

Cycling performances of the two electrodes are shown in
Figure 3d; it can be found that the cycling stability of electrode
El is much better than that of electrode E2 at 200 mA g~
Electrode El exhibits a high discharge capacity of 317.3 mAh
g~! without fading after 200 cycles, which is only 103.2 mAh
g™! for electrode E2 after 200 cycles with serious capacity
fading. Electrode E1 (Figure 3e) also shows much better rate
capability than that of electrode E2 (Figure 3f). The average
discharge capacities are 388.9, 338.6, 300.6, 255.2, 217.5, and
179.4 mAh g_1 for electrode E1 at the current densities of 50,
100, 200, 500, 1000, and 2000 mA g_l, respectively. And the
capacity could recover to 381.0 mAh g~' when the current
density is back to S0 mA g~'. In contrast, electrode E2 could
only keep 30.5% retention of the initial capacity at the current
density of 2000 mA g~'. The excellent rate capability of
electrode El is a result of fast lithium-ion transport due to the
mutual independence of each Sn,Ni; nanoparticle (Figure
S10). To find out the reason for the significant difference in
electrochemical performance of the two electrodes, surface-
sensitive technique XPS was conducted on fully discharged
Sn—Ni electrodes with various Ar* sputtering. For electrode E1,
Li 1s spectra in Figure 3g exhibit a strong signal and peak area
without any decrease even when the etch time reaches 1800 s,
while the peak area decreases dramatically after etching 1800 s
(as shown in Figure 3h). Compared to that of the SnNij
electrode, the fully discharged Sn,Ni; electrode demonstrates
superior vertical reaction dimension during the lithiation
process, which has been confirmed by the above results of
time-controlled Ar® sputtering XPS characterizations. This
indicates the good electrolyte wettability in the Sn,Ni,
electrode. And enough interspace among the Sn,Ni; nano-
particles can effectively accommodate the volume expansion,
then allowing high capacity delivery and cycling stability.
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Figure 4. SEM images of the electrode E1 (Sn,Ni; nanoparticles), pristine electrode (a) and after 100 cycles (b). SEM images of the electrode E2
(SnNi, 5 film), pristine electrode (c) and after 100 cycles (d). (e) Schematics of the electrodes E1 and E2 before and after cycling. (f) Long-term

cycling performance of the electrode E1 at 200 mA g™".

Morphology changes of both the cycled electrodes have been
characterized. Panels a and b of Figure 4 show the SEM images
of electrode El before and after 100 cycles. As compared to
Figure 1la,b, the flowering expanded nanostructured Sn,Nij;
nanoparticles can be clearly observed compared to the pristine
nanoparticles; nearly a 2 times change in size is induced due to
the Li" insertion during the discharge process. Remarkably, due
to enough interspace among the nanoparticles, the Sn,Ni;
species do not drop off from the current collector despite the
volume expansion, and the small cracks are generated to form a
porous structure which could increase the active sites of Sn,Ni;
nanoparticles, thus allowing the increased capacity delivery of
electrode E1. More importantly, the pulverization phenomenon
of Sn,Ni; nanoparticles usually generated from a huge volume
change is not observed in this work due to the effective buffer
effect of the large free space among the nanoparticles.” As a
consequence, electrode E1 exhibits superior cycling stability.
Panels ¢ and d of Figure 4 display the morphology change of
electrode E2 before and after 100 cycles. As compared to Figure
lc,d, the phenomena of pulverization and exfoliation are also
not observed in the SnNi;5 film while the cycling process
induces some cracks on the surface with the average thickness
of less than 0.2 ym and length of less than 1 ym. Yet the issue
of poor electrolyte wettability inside the closely packed SnNi; g
nanoparticles still limits the capacity delivery and cycling
stability of electrode E2. The structural changes of both
electrodes have also been analyzed through XRD (Figure S11).
It can be observed that the lithiation process has the effect of
lowering the crystallinity of the electrodes, and no more
formation of new phases can be confirmed compared with the
pristine electrodes. The reaction mechanism of Sn—Ni alloys
can be suggested as follows: Sn species segregates from Sn—Ni
alloy and with Li to form the Li—Sn alloy during the
intercalation of lithium into Sn—Ni alloy at the discharge
process, and with the extraction of lithium from the Li—Sn alloy
during the charge process, the de-alloyed Sn species
recombines with the Ni atom again to form the Sn—Ni alloy
phase to keep the original structure. Schematics of the
electrodes E1 and E2 before and after cycling are illustrated
in Figure 4e. Small cracks can be observed on the surface of
both electrodes E1 and E2. There is plenty of interspace for the
Sn,Ni; nanoparticles to accommodate the volume expansion
and realize high electrolyte wettability. Yet these strengths

could not be achieved in electrode E2, thus leading to the
continuous capacity loss. As shown in Figure 4f, the long-term
cycling stability of electrode El is also assessed at 200 mA g~
After 1200 cycles, electrode E1 still delivers a reversible capacity
of 330.0 mAh g™' with no capacity fading (compared with the
second cycle as shown in Figure S12). The superior cycling
stability has not been reported previously among the Sn—Ni
alloy electrodes.”>>>*7~*!

B CONCLUSION

In conclusion, we developed a facile template-free electro-
deposition method to build the mutual independent Sn,Ni,
nanoparticles as LIB anodes. A high reversible capacity of 388.9
mAh g™' is demonstrated at a current density of S0 mA g~ for
the Sn,Ni; electrodes. And long-term cycling stability is
realized, documented by the high capacity retention of 330.0
mAh g™' (no capacity fading) after 1200 cycles at 200 mA g~
The high performance could be assigned to the mutual
independence of each nanoparticle, which is favorable to buffer
the volume expansion and improve the electrolyte wettability.
The Sn,Ni; electrodes also achieve high rate capability. Thus,
the Sn,Ni; nanoparticles provide a bright future of long-lived
tin-based LIB anodes.
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