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Tin-based materials have been considered as promising anodes for sodium-ion batteries because of their
high theoretical capacity and low-cost. However, their significant volume expansion and low conductivity
prohibit their practical applications. A novel CuSn alloy composite with three-dimensional nanoporous
structure was prepared by the dealloying method, which can be easily scaled up for mass production.
The main component after 24 hours of dealloying is Cug 25Sns, which displays a bi-continuous structure
and the ligament width of 50 nm. The as-prepared nanoporous CuSn alloy composite delivers a capacity
of 573.2 mA h gL After 100 repeated cycles, the capacity was still 233.2 mA h g~*. This result is much

superior to that of pure Sn particles, and the nanoporous structure is well maintained after discharge.
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Accepted 23rd May 2017 e accommodation of volume expansion after discharging, the shortened ion diffusion distance an

improved conductivity are expected to facilitate the excellent electrochemical performance. These

DOI: 10.1039/c7ra03718] results demonstrate that the nanoporous CuSn alloy provides unique characteristics for ultrastable
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Introduction

Rechargeable sodium-ion batteries (SIBs) have attracted
significant attention for large-scale stationary applications
because of the abundant sodium resources and similar ion
storage mechanism as compared to lithium-ion batteries
(LIBs)."* The commercialized LIBs graphite anode does not
work in SIBs;** sodium ions prefer to deposit on the graphite
surface rather than intercalate into graphite layers, due to the
higher desolvation energy.” Tremendous efforts have been
made to find suitable anodes for SIBs;® carbon materials,**°
metal oxides and alloys are the most widely investigated anode
materials for SIBs.''** Among these materials, the tin-based
alloy type anode is attractive due to its high theoretical
capacity of 847 mA h g~ in SIBs.**°

However, the Sn-based anodes experience severe volume
expansion (420% for Na,;Sn,), which leads to the particles’
pulverization and peeling off from the current collector;” this
precludes the utilization of these high capacity materials and
deteriorates the cycle stability. In addition, the low conductivity
of the discharged electrode composite also results in poor rate
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performance.*'®* To conquer these challenges, Sn/carbon
composites have been prepared in which the carbon compo-
nent improves the conductivity and the void space can accom-
modate the volume expansion.’***  However, the
electrochemical inactivity and low sodiation rates of carbon
materials prevent the excessive use carbon additive.* The
surface modification, nanotechnology and deposition of active
materials on hierarchical fiber etc. have also been developed to
alleviate the mechanical strain and enhance their electro-
chemical performance.”?* Wang et al. synthesized tin-coated
viral nanoforests by using the tobacco mosaic virus as a bio-
inorganic template, which exhibited superior electrochemical
performance as the anode in SIBs.” Hu et al. developed a nature
inspired, low cost electrode consisting of an electrodeposited Sn
film on conductive wood fiber.>® Both the hierarchical wood
fiber substrate and 3D Sn nanoforest afforded lightweight
substrates with excellent mechanical properties, and porous
structures that provided effective ion and electron transport
pathways.?”">° Recently, Na-active metal-Sn alloys (e.g. Ni and Sb
etc.) have been adopted as SIB anodes, which effectively
improved not only the structure stability, but also the conduc-
tivity of the electrode composites.**** For instance, Yu et al.
reported a new type of porous Ni-Sn intermetallic microcage
anode for high performance lithium-ion batteries (LIBs) and
SIBs.** We also developed a highly crystalline CuSi alloy nano-
porous composite, which showed ultrastable cycle and high rate
performance as the anode in LIBs.* The introduction of Cu into
Sn-based composites for use as anodes in LIBs can significantly
improve the cycle stability and conductivity. More recently,

This journal is © The Royal Society of Chemistry 2017
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Sn, 9Cup; nanoparticles have been studied as an anode mate-
rial for SIBs, and have shown considerably superior electro-
chemical performance, compared to pure Sn.*®

Inspired by the aforementioned progress, we herein report
the design and fabrication of a unique three-dimensional (3D)
nanoporous CuSn alloy composite by dealloying CuSnAl alloy in
alkaline aqueous solution.*” The components and porous
structure have been optimized by controlling the etching time.
Three advantages have been achieved from this design: first, the
structure facilitates the electrolyte permeation and accommo-
dates the volume expansion during battery cycling; second, the
presence of Cu improves the electrode conductivity; third, the
facile material preparation method enables large scale mass
production. Our results demonstrate that the 3D nanoporous
CuSn composite shows superior electrochemical performance
as the anode in SIBs. The porous structure can be well main-
tained after repeated discharge/charge cycles.

Experimental
Synthetic procedures

The ternary alloy precursor with nominal composition of
Cu,y,Sn,Al,e (Wt%) was prepared by arc melting a mixture of
pure Cu (99.99 wt%), pure Sn (99.99 wt%) and pure Al (99.99
wt%) in a high-purity argon gas atmosphere and using Ti
getters. The melt spinning method was used to prepare Cu-Sn-
Al ribbons. The obtained ribbons in this experiment were 25 pm
in thickness and 1.5 mm in width. The nanoporous CuSn alloys
were obtained by selectively dealloying Al from ternary CuSnAl
alloy in 1 M NaOH aqueous solution at room temperature. As
displayed in Fig. 1a, the dealloying time was varied from 12 h to
48 h to optimize the porous structure. The dealloyed samples
were washed several times with deionized water and absolute
ethanol to remove the residual ions, and then dried at 105 °C in
a vacuum. The resulting samples were denoted as CS12, CS24,
and CS48 with respect to their etching time, respectively.

Materials characterization

The structure analysis was performed on a Bruker D8 Advance
X-ray diffractometer employing a Cu Ko (A = 0.15418 nm)
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different corrosion time (in 1 M NaOH aqueous solution).
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radiation source. The morphology of the samples was charac-
terized by scanning electron microscopy (SEM, Quanta FEG 250)
and transmission electron microscopy (TEM, Tecnai G2). The
chemical composition of the samples was estimated by using an
inductively coupled plasma emission spectrometer (ICP-AES,
Shimadzu). The CSA composites were dissolved in a mixed
acid solution (HCI/HNO; = 3 : 1), and the quantities of Cu and
Sn in the solution were then analyzed by elemental analysis
using ICP-AES. The composition of the electrodes after dis-
charging was measured by using an X-ray photoelectron spec-
trometer (XPS, Escalab 250Xi). BET measurements were
performed on a Quadrasorb SI analyser at 77 K. The isotherms
obtained from adsorption measurements provided information
on the surface area, and N, adsorption isotherms provided
information on size distributions; a wide range of relative
pressures (p/po) were applied, and the corresponding pore size
model was developed by Barrett-Joyner-Halenda (BJH).

Electrochemical characterization

The electrochemical properties of the samples were evaluated
in CR2032 coin-type cells, which were assembled in an argon-
filled glove box with less than 0.1 ppm of both moisture
and oxygen. The working electrodes were composed of 70 wt%
of active material, 20 wt% of acetylene black (AB), and 10 wt%
of carboxymethylcellulose sodium (CMC) as a binder. The
slurry was then cast on a Cu foil and dried at 120 °C for 24 h
in vacuum. The cells were assembled using metallic Na anode,
an electrolyte comprised of 1 M NaClO, in a mixture of
ethylene carbonate/diethyl carbonate (1 :1, by volume), and
a glass fiber (GF/D) from Whatman was used as a separator.
The mass loading of the active materials was about 1.2 mg
ecm™ 2. The galvanostatic cycling test of the assembled cells was
conducted on a LAND CT2001A battery test system in a voltage
range of 0.05-3.0 V (vs. Na/Na"). Cyclic voltammetry (CV) was
carried out on an electrochemical workstation in the potential
window of 0.05-3.0 V, at a scanning rate of 0.1 mV s '
(CHI 760E). Electrochemical impedance spectral (EIS)
measurements were measured over the frequency range from
100 kHz to 0.01 Hz by applying a sine wave with amplitude of
5 mV.

. 822

Intensity (a.u.)

2-Theta(degree)

(a) Schematic for the fabrication procedure of the CSA nanoporous composites. (b) XRD patterns of CSA nanoporous composites with
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Results and discussion

The crystal structure and phase composition of the alloy
precursor were identified by XRD, as shown in Fig. S1;f the
CusSnAl phase can be identified. The corresponding morphology
was characterized by SEM, as shown in Fig. S2a.{ The excess Al
contents can be observed as the bright part. The ternary alloy
CuSnAl, was then selectively dealloyed in the NaOH solution to
etch Al out. As shown in Fig. 1a, the Al was easily etched out
initially, while the Sn was gradually corroded only after long
time exposure in alkaline solution. We collected the samples
after dealloying for 12 h, 24 h and 48 h, and the resulting
samples were denoted as CS12, CS24, and CS48, respectively.
The compositions of the precursor alloy and various CuSn
samples (CS12, 24, 48) are shown in Table S1.1 The structures of
the as-prepared samples were evaluated by XRD as presented in
Fig. 1b. For CS12 and CS24, the diffraction peaks at around 30.1,
35.2, and 42.9 can be assigned to the 101, 002, and 110 crystal
planes of the Cug,6Sns phase, respectively (JCPDS# 47-1575),
while for CS48, the diffraction peaks at 42.6, 61.8, and 77.9 can
be indexed to the 822, 1200, and 1442 crystal planes of the
Cuyo5Sny; phase, respectively (JCPDS# 31-0485). This result
demonstrates that the corrosion of Sn began with an extension
of the corrosion time just beyond 24 h.

For a detailed morphological and structural investigation,
we characterized these dealloyed samples by SEM, TEM, and
high resolution TEM. As shown in Fig. 2a, S2b and c,T both CS12
and CS24 demonstrate a porous morphology with many large
pores distributed on the surface. After extending the dealloying
time to 48 h, the resulting sample CS48 evolved into roughened
ligaments and atypical pores (Fig. S2ct). The TEM images
shown in Fig. 2b and S3+ also clearly reveal the porous features
of the dealloyed samples. The characteristic lattice spacing of
Cug65n5 (101 002) indicates the good crystallinity of CS24
(Fig. 2c); therefore, the porous structure with conductive Cu
framework was obtained as designed.

N, adsorption-desorption isotherms were obtained to
determine the Brunauer-Emmett-Teller (BET) specific area and
Barrett-Joyner-Halenda (BJH) pore size distribution, as shown
in Fig. S4.1 Fig. S4at illustrates the N, adsorption isotherms and
corresponding pore size distribution curves of CS12. The
isotherms show two hysteresis loops at relative pressures (p/p,)
ranging from 0.65 to 0.98, indicating a bi-modal pore size
distribution (both of mesopores and macropores). Fig. S4b and
ct show the corresponding curves of CS24 and CS48; most of the

.
£

Fig. 2 Characterizations of CuSn anodes: (a) SEM image of nano-
porous CS24, (b) low-magnification TEM of CS24 showing bi-
continuous porous structures, and (c) HRTEM image of CS24.
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isotherms are type IV curves, which exhibit mesoporous char-
acteristics.®**® The specific surface areas are 29.827 m”> g™,
29.340 m*> ¢, and 33.105 m> g~ " for CS12, CS24 and CS48,
respectively. The porosity increased with the increased corro-
sion time, consistent with the SEM results.

The structural features of the designed nanoporous CuSn
alloys led to their superior electrochemical performance as
anodes in SIBs, which was evaluated in coin-type cells at room
temperature. The discharge/charge curves at the initial cycle of
the CSs are displayed in Fig. 3a and S5.1 At a current density of
50 mA g ', the CS12, CS24, and CS48 display charge capacities
of 593.2 mA h g', 573.2 mA h ¢! and 504.7 mA h g,
respectively. For comparison, the cycle performance of
commercial Sn and nanoporous CSs are shown in Fig. 3b and
S6.1 The specific capacities of CS12 and CS48 decayed rapidly
during the 100 cycles, and only a capacity of 141.6 mAh g ' and
96 mA h g ! remained, respectively. However, such a cycling
stability is still much higher than that of the commercial Sn
particles (31.3 mA h g™'). The CS24 demonstrated a much
improved cycle stability, compared to the others; it delivered
a discharge capacity of 233.2 mA h g~' at the 100th cycle
(Fig. S77).

Furthermore, the CS24 exhibited a good rate performance,
where the reversible capacities of 365.6, 241.4 and 207.3 mA h
g~ ', were achieved at the current densities of 100, 150, and 200
mA g~ ', respectively (seen Fig. 3c). It should be noted that, when
the current density was switched back to 50 mA g™, a high
capacity of 343 mA h g~' was retained. The cycle and rate
performance could be ascribed to the 3D porous conductive
framework, which highly improved the structure sustainability
and electric/ionic conductivity. The appropriate porous struc-
ture, component ratio and surface morphology are important
for sodium storage properties. We also carefully compared the
electrochemical performance with that of Sn-based materials in
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Fig. 3 Electrochemical performances of CSA nanoporous composites
in SIB: (a) The first cycle discharge/charge curves of CS24 at 50 mA g™,
(b) Cycling performance of CS24 and pure Sn anodes at 50 mA g™ 2. (c)
Rate capabilities of CS12, CS24, and CS48 electrodes at different
current densities from 50 to 200 mA g™, (d) CV curves of 1-5 cycles of
the CS24 electrode at a scan rate 0.1 mV s~ in the potential range
from 0.05 to 3.0 V vs. Na/Na*.
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SIBs, as shown in Table 1. The present result is obviously
superior to that of reported results.

CV measurement of CS24 was conducted in a potential
window of 0.05-3 V at a scan rate of 0.1 mV s~ '. As shown in
Fig. 3d, a broad irreversible peak was initially located at around
0.7 V, which could be assigned to the formation of solid elec-
trolyte interphase (SEI) film on the electrode surface. The other
two reduction peaks observed at around 0.05 V and 0.9 V could
be ascribed to the sodiated process of the active material. The
oxidation peaks were located at about 1.4 and 2.1 V, whereas, as
demonstrated, the reduction peaks switched to 0.45 and 1.15V
in the subsequent cycles and remained stable, indicating the
reversible sodiation behaviors. This result is consistent with the
discharge profiles.

In order to clarify the effect of the Cu framework, we prepared
a porous Sn sample from the SnAl alloy precursor with the same
conditions and methods of CuSnAl. SEM images of the SnAl alloy
before and after etching for 24 h are shown in Fig. S8a and b,
which exhibit porous architecture. XRD patterns determine the
crystal structure of the as prepared samples. As illustrated in
Fig. S8¢c,T the main composition of SnAl-24 h is Sn (JCPDS #65-
7657). Electrochemical impedance spectroscopy (EIS) was
employed to evaluate the detailed electrochemical kinetics of
SnAl-24 h electrodes during battery cycling. As seen Fig. S8d,f
the Na-ion migration resistance (Rsg;) and charge transfer
resistance (R.) of the CS24 cell after 1 cycle are all smaller than
the SnAl cell after 1 cycle, indicating that the CS24 has better
electrochemical performance; therefore, the Cu components
enhanced the conductivity of the electrode composite.

In order to further monitor the discharge process, the
surface and inner information evolution of the CS24 electrodes
were investigated by XPS. We collected the XPS information of
the fresh electrode and discharged electrode. The discharged
electrode was also subjected to 2 minutes Ar-ion etching to
exclude the surface SEI film effects. The Cu2p and Sn3d spectra
are presented in Fig. 4. In the fresh state, the peaks located at
932.4 eV and 952.5 eV can be assigned to Cu2p1/2 and Cu2p3/2
of metallic Cu(0) and oxidized Cu(u), respectively, and the peaks
located at 484.9 eV and 494.5 eV can be indexed well to metallic
(Sn3d5/2) and oxidized Sn(wv) (Sn3d3/2). The trace oxide layer
was formed in situ during dealloying in alkaline aqueous solu-
tion. After discharging, a new peak located at about 496.3 eV
was observed at both the surface and inner electrode. This is
ascribed to the sodiation of Sn and formation of the Na;5Sn,
alloy after discharging. It is very different for the Cu spectra of
the discharged electrode: no Cu could be detected at the
surface, while the peaks after Ar-etching appeared at a similar
position to the fresh electrode. The sodiation process of CuSn
alloys can be inferred from the XPS data: at first, the dealloying
of CuSn alloy accompanied the sodiation process, and then the
Sn element was enriched at the electrode surface, which is very
different from our previous results for the CuSi alloy anode.*

To determine the performance improvement mechanism,
the cycled CS24 electrodes were characterized by SEM and TEM.
The surface morphologies of the fresh electrode and after 10
cycles are displayed in Fig. 5a and b. There was no particle
pulverization or peeling off from the current collector. Even

RSC Adv., 2017, 7, 29458-29463 | 29461
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Fig. 4 XPS spectra of Cu2p and Sn3d for (I) the pristine CuSn alloy, (l1)
the electrode of the first discharge to 0.05 V before etching, (lll) the
electrode of the first discharge to 0.05 V after 2 min of argon etching.

after 100 cycles, no obvious morphology evolution could be
detected, as shown in Fig. S9.7 The porous structure accom-
modated the volume changes during battery cycling. Further-
more, the TEM images shown in Fig. 5¢ and S101 demonstrate

Fig. 5 (a) SEM images of CS24 electrodes before cycles, (b) SEM
images of CS24 electrodes after 10 discharge/charge cycles at
a current density of 50 mA g%, and (c) low-magnification TEM image
showing well-maintained morphology of CS24 electrode after
discharge to 0.05V, and (d) high-magnification TEM displaying details
of CS24 electrode after discharge to 0.05 V at a current density of 50
mA gL

29462 | RSC Adv., 2017, 7, 29458-29463
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the well-defined porous structure after the first discharge.
Huang et al. found that the first sodiation process occurred in
two steps;"” that is, the crystalline Sn nanoparticles were initially
sodiated via a two-phase mechanism with a migrating phase
boundary to form a Na-poor, amorphous Na,Sn alloy (x ~ 0.5),
which was further sodiated to several Na-rich, amorphous
phases and finally to the crystallized Na;sSn, (x = 3.75) via
a single-phase mechanism. David Mitlin and Hu's groups also
summarized that the high capacities of Sn-based electrode
materials are associated with the formation of the Na;sSn,
phase;”** therefore, the lattice fringe spacing of 0.273 nm
corresponds to the (312) in crystalline Na;sSn, (Fig. 5d). This
result illustrates that the energy storage mechanism mainly
depends on Na-Sn alloying and dealloying. No NaCuSn alloy
phase was detected in the HR-TEM image; therefore, we infer-
red that the dealloying of CuSn and alloying of NaSn occurred
simultaneously with the discharging.

Electrochemical impedance spectroscopy (EIS)
employed to evaluate the detailed electrochemical kinetics of
the CS24 electrode during battery cycling. Fig. S11f shows
typical Nyquist plots of the CS24 electrode before, and after 1
and 10 cycles, which are composed of one depressed semicircle
at the high frequency region and a straight sloping line at the
low frequency region. The depressed semicircle at high
frequency is associated with two overlapping interface imped-
ances (i.e., the electrolyte resistance (Rsg;) and charge-transfer
resistance (R.)), which correspond to the formation of the
solid electrolyte membrane and the charge-transfer reaction,
while the low-frequency straight sloping line corresponds to the
Na-ion diffusion inside the electrode.**** After cycling, the cor-
responding resistances became smaller, which demonstrated
the formation of a stable SEI and significantly decreased the
charge transfer resistance.

was

Conclusion

In summary, we have proposed a novel 3D nanoporous CuSn
composite as a high performance SIB anode. The morphology
and components have been tuned by controlling the dealloying
time in alkaline aqueous solution. The Cug,5Sns, which was
dealloyed for 24 hours in 1 M NaOH aqueous solution displayed
the high reversible capacity of 573.2 mA h g~ . This result is one
of the best obtained for the reported Sn-based SIBs anodes. The
bi-continuous structure promotes the electrolyte permeation
and accommodates the volume expansion. The Cu components
enhance the conductivity of the electrode composite. The CuSn
dealloying and NaSn alloying occur during discharging. The
enrichment of Sn on the particle surface was verified by XPS
after discharging. The superior electrochemical performance,
combined with the cost-effective fabrication progress, repre-
sents a new strategy for the design and fabrication of high
capacity alloy-type anodes for SIBs.
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