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Sn anode in rechargeable lithium ion batteries (LIBs) is currently being intensely investigated due to
high reversible capacity and energy density as compared to the commercialized graphite anode. How-
ever, large volume change upon cycling causes poor cyclic performance, which prevents the practical
application of Sn anode in LIBs. In this study, the nanosized MSn (M =Ni, Fe, and Cr) alloys were encap-
sulated in amorphous carbon nanotubes (ACNTSs) creating hybrid anode heterostructures. The structure
of the hybrid anodes was confirmed by X-ray diffraction (XRD), field emission scanning electron micro-
scope (FE-SEM) and high angle dark field scanning transmission electron microscope (HAADF-STEM),
and demonstrated that Ni3Sng, FeSn,, and Cr,Sn3 alloys exist in the hybrid anodes as both nanowires and
nanoparticles. The galvanostatic cycling originating from over 330 charge-discharge cycles indicated
that encapsulation of Ni3Sn4, FeSn,, and Cr,Sn; into ACNTs results in surprisingly excellent cycling per-
formance, high rate capability, and increased initial coulombic efficiency (81.4%). Ex situ HAADF-STEM
images of anodes after cycles showed that one-dimensional ACNTs as well as electrochemically inactive
phase M (Ni, Fe, and Cr) in M,Sn function as good matrices, offering “buffer zone” to effectively accom-
modate the mechanical stress induced by Sn anode expansion and shrinkage. Importantly, ACNTs enable
electrical contact of Sn nanoparticles with the current collectors. Therefore, our design can significantly
overcome electrochemical degradation of anodes with large volume change, resulting in increased LIB
performance.
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1. Introduction

A transition from petroleum to an electrified automotive trans-
portation system is a goal of utmost importance to society. Much
effort and investment are being invested in accelerating the devel-
opment of practical hybrid electric vehicles (HEVs) and plug-in
hybrid electric vehicles (PHEVs) throughout the world [1]. A pop-
ular energy storage system, the rechargeable lithium ion battery
(LIB), has been employed during the last two decades as an energy
source for portable electronics. Moreover, it is still regarded as one
of the most promising energy storage strategies for practical HEV
and PHEV applications [2,3]. However, the graphite anode in a com-
mercial LIB has a theoretical capacity of 372mAh g~! as a result of
limited lithium storage sites within sp? carbon hexahedrons cor-
responding to the intercalation compound LiCg [4,5]. This limited
capacity cannot completely satisfy the pressing requirements of
high-performance LIBs for HEVs and PHEVs. It has been reported
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that the total battery capacity can be enhanced by approximately
1.6 times if the specific capacity of the anode material can be sim-
ply increased up to 600mAhg-! [6-8]. Sn anode is capable of a
high reversible capacity (approximately 994 mAh g1 from Lis 4Sn),
being one of the most promising candidates to replace graphite
anode for LIBs [9-12].

The high energy capacity of Sn anode results from different
amounts of lithium insertion with a range of LixSn (x <4.4) alloys
during discharge process. When a maximum amount of 4.4 lithium
alloy with Sn to form Lig4Sn (a 440% increase in the number of
atoms), a large volume expansion (259%) inevitably occurs [13-15].
Conversely, a large volume contraction occurs during de-alloying
process. Upon cycling, the repeated volume expansion and contrac-
tion cause considerable stress in Sn lattice, which results in cracking
and crumbling of Sn anode. As a result, Sn anode crumbling causes
a loss of electrical contact with the current collectors [16], thus
poor cycle performance, prohibiting Sn anode application in high
performance LIBs [17]. Recently, three important strategies have
been addressed to circumvent these challenges: (1) nanosized Sn
[18,19], (2) Sn based alloys [20-22], and (3) Sn-matrix compos-
ites [23-26]. Introducing a matrix into Sn anode can significantly
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mitigate the large volume change problem and relieve mechanical
stress in Sn lattice, thus enhancing anode performance [27-31].
Due to its good elasticity and high electrical conductivity, one-
dimensional (1D) nanostructured carbon has been demonstrated
as an excellent matrix, offering a “buffer zone” to accommodate
the mechanical stress induced by the Sn anode’s expansion and con-
traction [32,33,36]. Recently, Sn nanoparticle/single-walled carbon
nanotube composites were reported to enhance anode durability
(535mAhg-! in the 50th cycle at 0.2 C) [34]. Nanocrystalline Sn
encapsulated in mesoporous carbon nanowires showed increased
cycling performance with a reversible capacity of 710mAhg-!
after 50 cycles at a current density of 100mAg-! [35]. Yu et al.
encapsulated Sn@carbon nanoparticles in bamboo-like hollow car-
bon nanotubes (CNTs) and obtained a high reversible capacity
of 737 mAhg-1 after 200 cycles at 0.5 C [36]. Obviously, nano-Sn
encapsulated in a 1D nanostructured carbon matrix structure can
effectively mitigate the volume change of Sn anode and improve
cyclic stability. However, a further increase in Sn anode battery
performance is still a significant challenge.

On one side, CNTs have been one of the most common 1D carbon
materials because of various remarkable characteristics including
outstanding electrical properties, high mechanical strength, high
chemical stability, high aspect ratios, and a large activated surface
area [37,38], making them a good matrix candidate for Sn anode
with the large volume change problem. On the other side, it remains
a great challenge to synthesize metallic Sn alloy nanostructures
because relatively low melting point (232 °C) of Sn material makes
high temperature fabrication of nanostructured Sn alloys difficult.
Herein, we combined three important strategies together (nano-
sized Sn, Sn based alloys, and Sn-matrix composites), and proposed
a novel anode system - nanoscaled Sn alloys encapsulated in 1D
CNTs to increase battery performance. In this study, the nano-Sn
alloy composites with amorphous CNTs (NSAC-ACNTs) were for the
first time proposed and demonstrated that their use as the hybrid
anodes in LIBs can significantly improve cyclic performance and
rate capability.

2. Experimental
2.1. Synthesis of hybrid anodes

NSAC-ACNTs were synthesized via a chemical vapor deposi-
tion (CVD). In a typical CVD procedure schematically illustrated
in Fig. S1, the Sn powder precursor was loaded in a ceramic boat,
which was then put in the center of a quartz tube furnace. The
grade 304 stainless steel substrate, pre-treated with hydrochloric
acid (HCl), was placed downstream of Sn powder in Ar flow used
as a carrier gas. The furnace was then heated up to 880°C for 2h
under a mixed atmosphere of Ar (200 sccm) and ethylene gas (CoHy,
2-10sccm) before being switched off and slowly cooled down to
room temperature [41].

2.2. Characterization of hybrid anodes

X-ray powder diffraction (XRD) patterns were collected on
a Bruker D8 Discover Diffractometer using Co K, radiation
(A=0.178897nm) at 40kV and 100 mA. The NSAC-ACNT mor-
phologies were observed in a field-emission scanning electron
microscope (FESEM, Hitachi S-4800) and a high angle dark field
scanning transmission electron microscope (HAADF-STEM, JEOL
2100F). Raman spectra were obtained at room temperature using
a HORIBA Scientific LabRAM HR Raman spectrometer system
equipped with an optical microscope and a 532.4 nm laser as the
excitation radiation.

® NisSny v

[ )
Vv FeSn, }T
B Cr,Sny

L |
d i/ 'V, oo

ﬁ.lwﬂmm ~

== I

Intensity /(a.u.)
g
=1

]

2 Theta / degree

Fig. 1. XRD of NSAC-ACNT anodes after 0 cycle (a), 100 cycles (b), 200 cycles (c),
and 330 cycles (d).

2.3. Electrochemical performance of hybrid anodes

CR-2325-type coin cells were assembled in a glove box under
a dry argon atmosphere (moisture and oxygen level less than
1.0 ppm). After ultrasonic process was performed on the stain-
less steel substrate with deposited NSAC-ACNT, all deposited
NSAC-ACNTs were scratched from the stainless steel, and were
weighed to obtain the NSAC-ACNT weight. The specific capaci-
ties calculated were normalized by the NSAC-ACNT weight. The
deposited NSAC-ACNT on the stainless steel with a diameter of
9/16in. was used as a working electrode, a lithium foil as a
counter electrode, and Celgard 2400 as a separator. The elec-
trolyte was composed of 1.0M LiPFg salt dissolved in ethylene
carbonate (EC), diethyl carbonate (DEC), and ethyl methyl carbon-
ate (EMC) in a 1:1:1 volume ratio. Cyclic voltammetry tests were
performed on a versatile multichannel potentiostat 3/Z (VMP3)
at a scan rate of 0.1 mVs~! over a potential range of 0.01-3.0V
(vs.Li/Li*). Charge-discharge characteristics were galvanostatically
tested between 0.01 and 3.0V (vs. Li/Li*) at room temperature using
an Arbin BT-2000 Battery Tester.

3. Results and discussion

In our previous report [39], core-shelled Sn@CNTs were success-
fully deposited on the carbon fiber of the carbon paper via a CVD
process. But the carbon paper shows poor mechanical strength, pro-
viding some difficulties in LIB application. Herein, in this research,
we study core-shelled Sn alloy@CNTs on a stainless steel as a novel
anode in LIBs. The X-ray diffraction (XRD) was performed, and the
characteristic XRD pattern of as-prepared NSAC-ACNTs is shown in
Fig. 1a. A series of peaks can be clearly observed, but the peaks are
different from the typical XRD pattern of the Sn phase, which results
from some alloy formation at high temperature. The diffraction pat-
tern in Fig. 1a exhibits obvious signals at 35.3°, 44.9°, 48.0°, 51.5°,
52.3°,and 62.5°, which are attributed to the characteristic peaks of
Ni3Sny (JCPDS no. 4-845). Moreover, some diffraction peaks pos-
itioned at 41.0°, 45.8°, 51.5° match with FeSn, phase (JCPDS no.
73-2030). The Cr,Snj alloy can be also found as a result of several
peaks of 35.3°, 38.5°, and 50.4° (JCPDS no. 19-333). There is a broad,
weak peak centered at 30.9° to be observed due to the amorphous
nature of CNTs [40]. Another peak at 59.8° is from the substrate.
In order to further confirm the formation of Sn alloys, a elemental
mapping was performed and shown in Fig. S2. Obviouly, Sn, Fe, Ni,
and Cr can be found to distribute along ACNTSs, indicating the for-
mation of MySn alloys (M =Fe, Ni, Cr) encapsulated in ACNTSs. As we
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Fig. 2. (a) SEM and (b) HAADF-STEM images of NSAC-ACNT composite anodes.

previously reported [39,41], during thermal evaporation at 880 °C,
Sn vapor is generated from the molten Sn powder (Sn with a melt-
ing point of 232 °C and a boiling point of 2270 °C). Sn vapor and the
ethylene gas are transported downstream by the carrier gas. Sn as
liquid droplets is deposited on the surface of the stainless steel sub-
strate. A small amount of Fe, Ni, Cr from the stainless steel substrate
canreact with Sn to form the MySn alloys (M = Fe, Ni, Cr) as the initial
nuclei which functions as catalyst to decompose the ethylene gas on
the surface of the alloy droplets to produce CNTs. Furthermore, Sn
vapor is continually absorbed at the top of the nuclei to promote the
growth of the Sn alloy nanowire. The synchronous growth of CNTs
and Sn alloy nanowire results in a hybrid NSAC-ACNT composite
anode. In comparison to the most commonly used catalysts such as
Fe, Co, Ni, the lower catalytic effectiveness of Sn might be respon-
sible for the formation of amorphous CNTs rather than graphitic
CNTs.

Fig. 2a shows FE-SEM images of as-prepared hybrid
NSAC-ACNTs on the substrates obtained via CVD processing.
A large number of NSAC-ACNTs with high density growth on
the substrates is evident in the low magnification image shown
in Fig. 2a. Entangled NSAC-ACNTs are uniformly grown on the
substrate and show a flexual nanowire structure with a diameter
of approximately 100-300 nm. Close examination reveals a rough
surface on individual nanostructures (see the insert of Fig. 2a).
HAADF-STEM examination Fig. 2b shows the typical morphology of
nano-Sn alloys encapsulated in ACNTs. Scrutiny of nanostructured
NSAC-ACNTSs reveals two types of Sn alloy structures in Fig. 2b.
One is an alloy nanowire core decorated by an ACNT shell, where
the ACNT shell is ~60nm thick and the diameter of the alloy
nanowire core is ~110 nm. The other is an alloy nanoparticle with
a diameter of ~100 nm encapsulated in ACNTs. Both structures as
well as the alloy introduction can be beneficial to the Sn anode’s
performance because of the good matrix properties of ACNTs and
the inative phase in the alloys.

Thermogravimetric analysis (TGA) was performed on hybrid
SCNS-ACNTs obtained in an air flow at a heating rate of 10°C min~".
The obvious mass loss in the composites results from the oxida-
tion of carbon nanotubes in air atmosphere (See Fig. S3). The mass
increase above 750°C is due to Sn oxidation into SnO, in air. The
Sn content in the composite was estimated at 23.5 wt%. Similar Sn
content was reported by several references to increase battery per-
formance because high content matrix in the nanocomposites can
effectively buffer large volume expansion/shrinkage of Sn anode
[23,42-45].

NSAC-ACNT nanocomposite anode was initially examined by
cyclic voltammetry (CV) at a scan rate of 0.1 mV s~!, and the result-
ing cyclic voltammogram is shown in Fig. 3a. A cathodic peak

centered at 0.72 V can be attributed to the formation of a solid elec-
trolyte interphase (SEI) layer on the anodes. A weak peak at 0.36 V
corresponds to the formation of lithiated phases [46,47]. The peaks
corresponding to the formation of a series of LixSn alloys are not
obvious because of the strong peak at ~0V resulting from lithium
intercalation into the ACNT shell. In the anodic scan, the peaks were
observed at 0.60, 0.72, and 0.79V and attributed to de-alloying of
Liz 4Sn to form Liy 33Sn, LiSn, and Lig 4Sn phases, respectively [47].
However, an abnormal peak positioned at ~2.93V was also found
in the first charge step, which is in agreement with other reports
[48,49]. This peak existence originates from the presence of oxy-
gen in the anodes and the fresh surface of the amorphous carbon
[48,49].

Fig. 3b compares the first two voltage profiles of the NSAC-ACNT
composite anode at a current density of 100mA g~1. NSAC-ACNT
anode delivers a specific capacity of 350 and 285 mAh g~ in the first
discharge and charge, respectively. It has previously been reported
that nanostructured Sn anode shows a low coulombic efficiency
because of the large anode-electrolyte contact area, which results
in the decomposition of the electrolyte to form an irreversible SEI
layer on the anode surface [50-52]. The low coulombic efficiency
of nanostructured anodes causes a sharp decrease in energy capac-
ity for the practical LIBs, effectively preventing commercialization
of nanosized Sn anode. Increasing coulombic efficiency of the
nanoscaled anodes has long been a significant challenge [53]. In this
research, nanosized Sn alloys are fully covered by the ACNT matrix,
effectively decreasing the contact area between the nanoscaled
anodes and the electrolyte, resulting in an increased coulombic
efficiency. Consequently, the coulombic efficiency of NSAC-ACNT
nanocomposites can reach 81.4% in the first cycle and increases to
91% in the second cycle; the second specific discharge and charge
capacities reach 299 and 271 mAh g1, respectively. Furthermore,
the coulombic efficiency approaches 100% in subsequent cycles (see
Fig. 3c). However, in comparison to the theoretical capacity of Sn
anode (994 mAh g—1), obtained capacities from the composites are
much lower as a result of the low content of Sn alloy as confirmed
in Fig. S3. Future work will be done to increase this value to further
enhance energy capacities.

The cycling performance at room temperature at a current den-
sity of 100mA g-1 in a voltage range of 0.01-3.00V is presented in
Fig. 3c. Initially, there is a loss of capacity in the first 10 cycles - a
7% loss of the second capacity after 10 cycles - but as the cycling
was continued from the 10th cycle up to the 233rd cycle, a signif-
icant gradual increase in the specific capacity was observed. The
specific capacity reaches a maximum value (511 mAhg-1) in the
233rd cycle and thereafter retains a good cyclability, decreasing
only to 489 mAh g~ in the 330th cycle. Clearly, our nanocomposite
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Fig. 3. (a) Cyclic voltammetry of NSAC-ACNT composite anodes at a scan rate of 0.1 mVs~'; (b) charge/discharge profiles and (c) reversible charge/discharge capacity verse
cycle numbers of NSAC-ACNT composite anode at a current density of 100mA g~ in a voltage range of 0.01-3.00 V at room temperature; (d) rate capability of NSAC-ACNTs
at various current rates from 100 to 1600mA g~": (i) 100, (ii) 400, (iii) 800, (iv) 1200, (v) 1600, and (vi) 100; (e) discharge capacity of NSAC-ACNTs as a function of current

density from 100 to 1600 mAg~'.

anodes possess a superior cycle performance in LIBs. As shown in
the rate capability test in the region i-vi of Fig. 3d, NSAC-ACNT
nanocomposites remain stable even at current densities as high
as 1600 mA g~1. Moreover, after undergoing 100 cycles at various
current densities, a 101st cycle at a current density of 100 mA g~!
returned the cell to a higher reversible capacity than it had before at
the same current density. Moreover, the retained discharge capac-
ity of the hybrid anodes at various current densities was compared
with that of a 100mA g1 current density, as shown in Fig. 3e; the
hybrid anodes were found to sustain high capacity retention at
current densities of 400, 800, 1200, and 1600 mAg-1, relative to
the capacity at 100mAg~1. On the other side, as shown in Fig. 3d,
the hybrid anodes can still exhibit high coulombic efficiency when
the current densities increase in a range of 100-1600mAg~!. The

results of the cycling performance and the rate capability indi-
cate that introducing an ACNT matrix, as a physical buffer is an
accessible and effective approach to improve the cyclability of
Sn anode. ACNTSs as well as the inactive Fe, Ni and Cr in Ni3Sny,
FeSn,, and Cr,Sn3 alloys could provide strong matrices for nano-
Sn, which alleviates problems with mechanical stresses resulting
from large volume change that occurs during a charge-discharge
cycle, and increases the structural stability of the Sn anode. As a
result, NSAC-ACNTs greatly improve the cycling performance and
the rate capability of Sn anode.

XRD, FE-SEM, and HAADF-STEM techniques were employed
to discover why NSAC-ACNT hybrid nanocomposites show an
improved cycle performance. The XRD patterns are shown in
Fig. 1b-d. Of particular interest is that the XRD patterns of cycled
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Fig. 4. Representative HAADF-STEM and SEM observation of NSAC-ACNT composite anodes after 100 cycles (a), 200 cycles (b), and 330 cycles (c and d).

electrodes are not appreciably different from that of the pristine
electrode, suggesting a stable NSAC-ACNT hybrid nanocomposite
structure upon cycling. Fig. 4 presents HAADF-STEM and FE-SEM
images of Sn anode after 100, 200, and 330 charge-discharge
cycles between 0.01 and 3.00V at a current density of 100mAg-1.
Compared to HAADF-STEM images of the initial nanocompos-
ites in Fig. 2b, the hybird structures in Fig. 4a-c show obvious
changes after repeated charge-discharge cycles. As shown in
Fig. 2b, as-prepared nano-Sn alloys include two nanostructures
such as nanowires and nanoparticles; after cycling, however, only
nanoparticles are observed. Under the stresses caused by large
charge-discharge volume change, it is possible that the alloy
nanowires are pulverized into the nanoparticles. The nanoparti-
cles found in Fig. 4a—c are in the 1-10 nm size range, much smaller
than the pristine nanoparticles and nanowires; these nanoparticles
with smaller size also increase the contact area with the electrolyte.
These types of anode-electrolyte surface area increases would
also explain the observed cell capacity increases with increased
numbers of cycles [49]. But the existence of ACNTs can keep elec-
trical contact of these nanoparticles with the current collectors.
The FE-SEM image shown in Fig. 4d indicates that the electrode
backbone remains intact and unchanged during electrochemical
cycling except for a slight increase in diameter. The larger diame-
ter is a result of large Sn lattice expansion/shrinkage upon cycling,
highlighting the importance of ACNT matrix and the alloys in the
stabilization of the cycling performance of nano-Sn anode.

During discharge process, as the aforementioned discussion,
active Sn anode alloys with lithium to form Lig 4Sn, resulting in a
large Sn lattice volume expansion. An important concept was pro-
posed to mitigate this problem that the electrochemically active
phase is embedded in a nonelectrochemically active phase as a
“buffer matrix” to compensate for the expansion of the reactants

[54-56]. In this study, nanosized NizSny4, FeSn,, and Cr,Sn3 were
encapsulated in ACNTs by a CVD technique. The ACNT matrix on the
surface of Sn alloys and the existence of the inactive Fe, Ni and Cr
in the alloys can significantly buffer volume expansion/contraction
of the anodes and suppress the electrical contact loss of the active
nanoparticles with the current collector. 1D nanostructure is elec-
trically connected to the metallic current collector, as aresult, all 1D
nanostructures are capable of contributing to the energy capacity
[57]. Moreover, 1D anodes can form an interconnected nanoporous
structure that exhibits direct 1D electronic pathways allowing for
efficient charge transport and plays an important role in the path of
the transportation of ions between the electrolytes and the active
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Fig. 5. Raman spectra comparison of NSAC-ACNT composite anode after 0 cycle (a),
100 cycles (b), 200 cycles (c), and 330 cycles (d).
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materials [57]. Obviously, no binder is introduced in the proposed
anode system. The absence of the binder can significantly increase
electrical conductivity of the electrodes as well as energy den-
sity of the LIBs [58,59]. On the other side, the binder can initiate
exothermic reactions and lead to potential explosions, and as a
result, the binder-free anodes improve LIB abuse tolerance [60].
All of these benefits endow the proposed anode configuration with
highly improved cycling performance and rate capability.

The evolution of the Raman spectra of NSAC-ACNTs with
increasing charge-discharge cycles is shown in Fig. 5. When the
number of cycles increases, the line width of the D band also
increases. In the Raman spectra, the width of D band is used as
an indicator of the in-plane structural ordering [61]. The D band
line width increase indicates that ACNTs become less ordered
and have defects with increasing charge-discharge cycles [62,63].
These defect sites also provide more electrochemically active loca-
tions and thus increase anode energy capacity [64-66].

4. Conclusions

In summary, we developed an effective CVD route to study
NSAC-ACNT hybrid nanocomposites for LIB anodes. The ACNT
matrix can effectively strengthen the low melting point encapsu-
lated nano-Sn in a high-temperature growth process. As-prepared
NSAC-ACNTs exhibit good cycling performance with up to more
than 330 cycles and good rate capability with a higher current den-
sity of 1600 mA g~1. The electrochemical stability improvement in
the hybrid anode can be attributed to nanoscaled Ni3Sng4, FeSnj,
and Cr,Sns heterostructures encapsulated in ACNTs, which pre-
vents aggregation and pulverization of nanosized Sn anode and
increases the integration of the anodes during charge-discharge
cycling application. Importantly, ACNTs keep electrical contact of
Sn anode with the current collectors. Our finding discloses the
influences of ACNT matrix and Sn-alloys on electrochemical per-
formance of the anodes with high energy capacities as well as a
rational direction to increase Sn-based anode performance in high
performance rechargeable LIB applications.
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