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a b s t r a c t

Core–shell structured, carbon-coated, nano-scale Cu6Sn5 has been prepared by a modified carbothermal
reduction method using polymer coated mixed oxides of CuO and SnO2 as precursors. On heat treatment,
the mixture oxides were converted into Cu6Sn5 alloy by carbothermal reduction. Simultaneously, the
remnants carbon was coated on the surface of the Cu6Sn5 particles to form a core–shell structure. Trans-
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mission electron microscope (TEM) images demonstrate that the well-coated carbon layer effectively
prevents the encapsulated, low melting point alloy from out flowing in a high-temperature treatment
process. Core–shell structured, carbon coated Cu6Sn5 delivers a reversible capacity of 420 mAh g−1 with
capacity retention of 80% after 50 cycles. The improvement in the cycling ability can be attributed to the
fact that the carbon-shell prevents aggregation and pulverization of nano-sized tin-based alloy particles

cyclin
ydrophobic powders
ithium-ion battery

during charge/discharge

. Introduction

Lithium-ion batteries based on graphite anodes have been
idely used in various power applications, but their limited capac-

ty of 372 mAh g−1, poor rate performance and safety problems
ampered the use of this battery in higher power systems such
s hybrid and electric vehicles. In recent years, many efforts have
een directed to develop alternative anode materials. Li-alloys,
specially Li–Sn, have attracted much attention due to their high-
olumetric and mass-energy density and are considered to have
he most potential for use in new lithium-ion batteries [1–4].

However, the large volume expansion and contraction that
ccompanies the lithium alloying/dealloying process is a major
rawback that deteriorates the electrochemistry performance of
he Sn anode. These volume changes induce severe mechanical
trains that severely limit the cycling life of the lithium-alloy elec-
rodes.

The approaches for improving the electrochemical response of
hese electrodes most reported on are the following: (i) prepar-
ng intermetallic compounds (M′M), such as Cu6Sn5 [5], InSb [6],

nd CoSn [7], which consist of an inactive phase M that does
ot react with lithium and an active phase M that reacts with

ithium; (ii) dispersing nano-sized tin-based materials into a car-
on matrix or other “zero-structural change” compound matrix;
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and (iii) constructing core/shell nanostructure materials or prepar-
ing carbon-encapsulated hollow tin nanoparticles, in which the
carbon shell can effectively accommodate the strain of volume
change during Li+ insertion/extraction. Scrosati’s group proposed a
nanostructure Sn–C composite with unique stability [8]. Park et al.
adopted a titanium reduction method to synthesize the Sn–TiO2–C
system by constructing a TiO2–C matrix surrounding nano Sn parti-
cles [9]. In 2003, for the first time, Oh and co-workers synthesized
tin-encapsulated spherical hollow carbon (24 wt% tin) by sol–gel
polymerization with tributylphenyltin as the tin source [10]. Zhang
et al. used a template-assisted method to prepare similar tin-based
anode materials with an active tin content of 74 wt% and an aver-
age tin particle diameter of ca. 100 nm [11]. More recently, our
group reported a carbon-coated, nano-scale Cu6Sn5 prepared by an
in situ surface polymerization technology. This material integrates
the merits of intermetallic compounds and nano-sized anode mate-
rials and showed an improved electrochemistry performance [12].
Nevertheless, in such processes, a precursor of tin alloy nanopar-
ticles should be prepared through sodium borohydride reduction
and either mechanically milling or electrochemically deposition.
Unfortunately, these methods are either costly or complicated
to control particle sizes. Furthermore, the nano-scaled tin alloy
particles synthesized by these methods often contain some chlo-

ric ions and hydroxyl groups adhered to the surface of particles
and were difficult to remove completely. These impurities cer-
tainly affect the electrochemical performance of the tin alloy anode
[13]. As an alternative, the carbothermal reduction method has
been developed to synthesize a wide range of materials, includ-
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ig. 1. The relationship of Gibbs free energy of the carbothermal reaction and tem-
erature.

ng polyanions, oxide-based compounds and alloys [14,15]. For
xample, Hassoun et al. prepared a SnSb/C nano-composite using
riphenylantimony and triphenylbutyltin as metal sources [16].

ang et al. synthesized Cu6Sn5-encapsulated carbon microsphere
nodes using the carbothermal reduction method [17]. However,
he alloy materials reported merely dispersed the metal in the
arbon matrix or obtained materials in the size of microns rather
han creating a nano-scale core–shell structure. It is worth not-
ng that in the process of carbothermal reduction, the Sn melting
oint is much lower than the SnO2 reductive temperature of 650 ◦C,
uggesting that once Sn was reduced from the oxide, it existed
s a liquid that makes the alloying process easier. On the other
and, owing to the low melting point of Sn (232 ◦C), liquid Sn
oured off from the outflow during high-temperature treatment.
herefore, preparation of core–shell structured, carbon-coated,
n-based alloy nanoparticles by carbothermal reduction, which
mproves the cycling stability of the alloy, is important but very
hallenging.

In the present work, we introduce a general, effective, modi-
ed carbothermal route for synthesis of core–shell, carbon-coated,
ano-sized, tin-based materials using the mixed oxides, CuO and
nO2 as precursors. Nano-scale precursors were used to guaran-
ee homogeneous mixing, and easy reacting. We then introduced
he hydrophobic reagent, hexadecyltrimethoxysilane (HTMS), to
hange the surface condition of the precursor particles and make
hem disperse well in the organic phase to guarantee that the final
roduct was nano-sized. Carbon is made available in the mate-
ial through a coating polymer by in situ emulsion polymerization
ethod. The electrochemical performance of these core–shell pow-

ers as an anode material for lithium-ion batteries is presented.
icro-structural analyses have also been made, and the relation-

hip between morphological and the electrochemical profile is
iscussed.

. Experimental

.1. Chemicals

Tin chloride hydrate (SnCl4·5H2O, 98%), copper chloride hydrate
CuCl2·2H2O, 99%), sodium borohydride (NaBH4), cetyltrimethyl

mmonium bromide (CTAB, 99%), sodium carbonate anhydrous
Na2CO3, 99%), formalin solution (37 wt%), m-dihydroxybenzene
Resorcin, 99%) and ethanol were analytical reagents purchased
rom Shanghai Chemical Company. Hexadecyltrimethoxysilane
HTMS, 85%) was an analytical reagent purchased from Fluka Chem-
rces 196 (2011) 3633–3639

ical Company. All chemicals were used as received without further
purification. Deionized water was used in all experiments.

2.2. Synthesis of nanocrystalline CuO and SnO2

Nanocrystalline CuO with a particle size between 5 and 6 nm
was synthesized according to previous work [18]. In a typical syn-
thesis, 1.500 g (0.0112 mol) of copper(II) chloride was dissolved
in 70 mL of absolute ethanol to form a clear green solution in a
250-mL round-bottom flask. Then 0.0224 mol of sodium hydrox-
ide was dissolved in absolute ethanol and added dropwise to form
the copper hydroxide gel. The reaction was then stirred at room
temperature for 2 h. During this time, the reaction mixture forms
a blue-green gel. After the reaction completed, the solution was
filtered and washed with water to remove sodium chloride. The
copper hydroxide was then air-dried on a dish, and the copper
hydroxide precursor was obtained. To get nanocrystalline CuO, the
copper hydroxide powder was then placed in a quartz tube and
heated in an argon flow at 250 ◦C for 15 min. After heat treatment,
the copper oxide powder was black. Nanocrystalline SnO2 was pre-
pared by hydrolyzing a 0.5 M SnCl4 aqueous solution in PTFE-lined
autoclaves at 180 ◦C for 2 h, which was then dried at 80 ◦C in a
ventilated oven [19].

2.3. Synthesis of carbon coated nano-scale Cu6Sn5

The procedure for synthesis of nanoscale carbon coated Cu6Sn5
is briefly described as an in situ polymerization process. The mixed
oxides nanoparticles prepared as described above were used as
a starting material. In a general synthesis process, a 1.5 g mix-
ture of stoichiometric oxides powders was dispersed in toluene
using a high-power ultrasonic instrument for 30 min. Then, 0.5 mL
of hexadecyltrimethoxysilane (HTMS) was added, which modi-
fied the surface. The mixture was stirred for 15 min, washed with
ethanol, filtered and vacuum dried at 80 ◦C to obtain hydrophobic
powders. The hydrophobic powders were mixed with 250 mL of a
solution of deionized water and formalin (1:1, by volume). A homo-
geneous emulsion was formed after adding CTAB as a surfactant
and ultrasonically dispersing for 30 min. As soon as 0.625 g of m-
dihydroxybenzene with a 0.16 g Na2CO3 initiator was put into the
emulsion, a nacarat emulsion appeared. This emulsion, in which the
in situ polymerization occurred, was stirred at 80 ◦C for 12 h. After
that, the suspended resol-coated nanoparticles were centrifuged,
washed and dried at 80 ◦C to acquire a raw product. The dried
powders were then heated to a reduction temperature, which was
identified by differential scanning calorimetry (DSC) analysis with
a heating rate of 5 ◦C min−1 in a nitrogen atmosphere, and held
for 2 h, where the coating resol layer was carbonized and a crys-
talline alloy formed. For comparison, Cu6Sn5 nanoparticles were
synthesized by a sodium borohydride reduction method, which
involved reducing a solution of various metal ions with NaBH4
[20].

2.4. Characterization and electrochemistry test

The phase composition of the obtained compounds was charac-
terized by X-ray diffraction (XRD, Bruker D8 X-ray diffractometer)
with Cu Ka radiation. The XRD data were analyzed using the
software, Material Data Jade 5.0. The pellets of sample powders
pressed with KBr were evacuated at 0.01 Pa for 24 h before mea-
suring their in situ IR absorbance spectra on a Bruker Equinox

55 through a cell with CaF2 windows. Particle morphologies and
sizes were characterized with a Philips XL-60 scanning electron
microscope and a JOEL JEM2010 transmission electron microscope.
Thermo-gravimetric (TG) measurements and differential scanning
calorimetry (DSC) was carried out on a Perkin-Elmer TGA 7 thermal
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ig. 2. HRTEM (high resolution transmission electron microscope) of prepared oxid
nO2 nano-crystal SAED pattern. The representative lattice spacings are marked wi
nm diameters can be observed.

nalyzer at a heating rate of 10 ◦C min−1 in a 40 mL min−1 flow of
ir or nitrogen.

Electrochemical tests were performed in a CR2016-type coin

ell. Metallic lithium was used as the negative electrode. The work-
ng electrodes were prepared by mixing 80% alloy powders, 10%
arbon black, and 10% polyvinylidene fluoride (PVDF) dissolved in
-methylpyrrolidinone (NMP). The slurries of the mixture were

Fig. 3. Conceptual diagrams describing the surface modification mechanism.
) CuO nano-crystals, (b) CuO nano-crystal SAED pattern, (c) SnO2 nano-crystals, (d)
ws in HRTEM and indexed in SAED images. Uniform crystal nanoparticles with ca.

applied to a Cu foil. After coating, the electrodes were dried at
80 ◦C for 10 min to remove solvent before pressing. The electrodes
were cut into sheets 1 cm2 in area, vacuum-dried at 100 ◦C for
24 h and weighed before assembly. The typical mass load of the
active material was about 5 mg cm−2. The cell assembly was oper-
ated in a glove box (model 100G, MBraun, Germany) filled with
pure argon. The electrolyte solution was 1 M LiPF6/ethylene carbon-
ate (EC)/diethyl carbonate (DMC)/ethyl methyl carbonate (EMC)
(1:1:1, by volume). The cells were assembled with as-prepared
cathodes, lithium metal anodes, and separators made of a Celgard
2300 film. Charge–discharge experiments were performed at a con-
stant current density of 100 mA g−1 between 0.0 V and 2.0 V using
a LAND CT2001A Battery Cycler (Wuhan, China). The cells were
cycled with lithium insertion into the alloy electrode referred to as
discharge and extraction as charge.

3. Results and discussion

3.1. Thermodynamic consideration of carbothermal reduction

For most metal oxides, carbothermal reductions typically occur
according to the following reaction:
MOX + C → M + xCO↑, (1)

where the metal element is denoted as M. The reduction difficulty
for a particular metal oxide depends on the affinity of the metal to
combine with the oxide lattice. This is characterized by the Gibbs
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and CuO seemed more difficult to deoxidize than SnO2. However,
SnO2–CuO/C unexpectedly reduces at 820 ◦C, which suggests that,
in the presence of SnO2, CuO is easily deoxidized. This result agrees
with previous work by Wang et al. [13]. Considering all the DSC
analysis results, the complete reduction of CuO and the conclusion
636 W. Cui et al. / Journal of Pow

ree energy, �G, of the reaction. The reduction temperature can be
pproximated with thermodynamic data according to the following
quation:

≈ �H − �G

�S
, (2)

here �H, �G and �S represent enthalpy, Gibbs free energy and
ntropy of the reaction (1), respectively. Fig. 1 gives the Gibbs free
nergy diagrams that describe the thermodynamic relationship
etween the free energy of the oxide reductive reaction and tem-
erature. Theoretically, carbothermal reduction reactions will take
lace at the temperature where �G equals zero [14,21]. In Fig. 1,
ve regular metal oxides were chosen as examples. The reduction
emperatures of CuO, SnO2, Co3O4, Bi2O3 and Sb2O5 can easily be
ound in the diagram. For example, 190 ◦C, 320 ◦C and 650 ◦C are the
eduction temperatures for Sb2O5, Co3O4 and SnO2, respectively.
owever, in most situations, the practical reduction temperature,
hich is affected by both kinetics and carbon resources, should be

onfirmed by differential scanning calorimetry (DSC) analysis, as
as done in this work.

.2. Characterization of the synthesis procedure of Cu6Sn5/carbon
omposite

To prepare the Cu6Sn5/carbon composite, nanosized CuO and
nO2 were prepared as precursors according to the reported work
18,19]. The particle sizes of nanocrystalline CuO and SnO2 were
haracterized by HRTEM (high resolution transmission electron
icroscope), as seen in Fig. 2.
The composites are composed of small nanocrystallines. The pri-

ary particle size of the obtained oxides was ca. 5 nm, as shown in
ig. 2a and c. The HRTEM image of the nano-CuO in Fig. 2a shows
lear and continuous lattice fringe images. The distance between
eighboring fringes is 0.252 nm, close to the (1 1 −1) lattice spacing

n a monoclinic Tenorite-type lattice (C2/c, JCPDS card no. 48-1548).
he selected area electron diffraction (SAED) pattern shown in
ig. 2b indicates clear diffraction rings that represent the (1 1 −1),
1 1 1), and (2 0 −2) planes of CuO. Additionally, the image of the
ydrothermally prepared SnO2 particles, with an average size of
a. 5 nm, is shown in Fig. 2c. The tetragonal-type SnO2 (P42/mnm,
CPDS card no. 77-0448) shows 0.335 nm and 0.264 nm distances
etween neighboring fringes, which correspond to the lattice spac-

ngs of the (1 1 0) and (1 0 1) planes. The SAED pattern shown in
ig. 2d shows several sharp rings, which correspond to the (1 1 0),
1 0 1), and (2 1 1) planes of the rutile crystalline structure of SnO2.

For preparing a uniform, core–shell, carbon-coated, nano-scale
u6Sn5 alloy, the obtained nano-oxide particles were dispersed

n toluene using a high power ultrasonic instrument, followed by
ydrophobic treatment with hexadecyltrimethoxysilane (HTMS).
hey can be “grafted” onto the oxide particles to keep them sta-
le with metal–O–Si bonds, while the alkyl chains pointing to the
utside make the particles disperse well in the organic phase (the
odification mechanism is shown in Fig. 3). This is a key point

o guarantee that polymerization occurs on a single particle sur-
ace and ensure that the polymer layer firmly coats the grains.
dditionally, trace amounts of hexadecyltrimethoxy–silane can-
ot produce much silicate compounds during the subsequent heat
reatment. The IR spectrometry of a CuO/SnO2 mixture, HTMS mod-
fied CuO/SnO2 mixture and pure HTMS shown in Fig. 4 presents
rst-hand evidence for the modified effect of HTMS. Comparing the

R spectra of the modified CuO/SnO2 mixture and unmodified oxide

ixture reveals that alkyl chains are grafted to the oxides’ surfaces

fter the metal–O–Si bonds are formed (C–H vibrations: 2875, 1460,
nd 1250 cm−1; Si–O vibration: from 1160 to 1190 cm−1) [19].
n–O–Sn stretching at 667 cm−1 inside SnO2 particles remained
nchanged after the surface was modified, while a slight move of
Fig. 4. IR spectrometry of the CuO/SnO2 mixture, HTMS modified CuO/SnO2 mixture
and pure HTMS.

Sn–O–Sn stretching at 543 cm−1 on the CuO/SnO2 surface occurs.
This suggests that the alkyl chains bound to the CuO/SnO2 surface
covalently.

An emulsion polymerization of resorcinol-formaldehyde (RF)
was used for in situ coating. Here, we chose resol as a carbon source
because resol has high carbon content and can be easily polymer-
ized at 80 ◦C. In addition, a compact carbon layer appears during
its carbonization, which is important for our coating procedure.
Many reported studies have failed to synthesize core–shell, carbon-
coated, nano-sized, alloy particles, which suggests that without
surface modification and appropriate carbon sources, only microm-
eter intermetallic materials with a high carbon content of more
than 40% can be obtained after calcination [15,17].

As mentioned above, the theoretical reduction temperature is
affected by both kinetics and carbon resources. The real reduction
temperature was identified by DSC analyses. Fig. 5 gives the DSC
curves of mixtures containing SnO2/C, CuO/C and SnO2–CuO/C in
N2. The carbothermal reduction is endothermic in oxide systems.
The board endothermic peaks appear at 890 ◦C, 801 ◦C and 820 ◦C,
corresponding to the oxide to metal transformation. From the DSC
curve, the CuO reduction temperature is 90 ◦C higher than SnO2,
Fig. 5. DSC of CuO/C composite, SnO2/C composite and CuO–SnO2/C. The reduction
temperatures were identified as 890 ◦C, 801 ◦C and 820 ◦C, respectively. Samples
were heated at a rate of 10 ◦C min−1 in a flow of nitrogen.
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particles given in Fig. 6 shows a series of large peaks at 2� = 30.10◦
ig. 6. XRD of (a) RF carbon derived from the carbonization of resol, (b) nano-SnO2

repared by hydrothermal method, (c) nano-CuO prepared by thermal decomposi-
ion, (d) a mixture of resol-coated SnO2/CuO and (e) Cu6Sn5/C composite.

rawn from the phase diagrams that the treatment temperature
hould be lower than the alloy formation temperature, we chose
he carbothermal reduction temperature for preparing Cu6Sn5 alloy

o be 900 ◦C, where carbon has a good electric conductivity. We

aintained carbothermal reduction at this temperature for 2 h.
Fig. 6 displays the XRD patterns of (a) RF carbon derived from

he carbonization of resol at 900 ◦C, (b) nano-SnO2 prepared by

Fig. 7. TEM images and SAED patterns of core–
rces 196 (2011) 3633–3639 3637

hydrothermal method, (c) nano-CuO prepared by thermal decom-
position, (d) a mixture of resol-coated SnO2/CuO and (e) Cu6Sn5/C
composite. The XRD pattern of RF carbon indicates low crystallinity.
In the nano-SnO2 pattern, we observed peaks at 2� = 26.5◦, 33.8◦

and 51.6◦, which are the characteristic peak positions in rutile SnO2.
The peaks were broad and weak due to particle size broadening,
which occurs when a sample is made up of very small crystallites.
The full-width-at-half-maximum (FWHM) of the diffraction peak
can be used to calculate crystallite size using the Scherrer equation:

D = K�

ˇ cos �
(4)

From the diffraction patterns, SnO2 crystallites prepared by the
hydrothermal method were determined to be ca. 5 nm in diame-
ter, which is highly consistent with the results of the TEM studies.
The same information can be found in the XRD pattern of nano-
CuO, which shows a typical diffraction of Tenorite CuO with peaks
at 2� = 35.5◦ and 38.7◦. The pattern of the resol-coated SnO2/CuO
before the high temperature treatment shows both SnO2 and CuO
peaks, while the XRD pattern of the treated oxide carbon mixture
shows a different diffraction pattern altogether, indicating the for-
mation of a new phase.

The XRD pattern of the final core–shell, carbon-coated Cu6Sn5
and 43◦ that correspond to Cu6Sn5 with a hexagonal NiAs-type
lattice structure (P63/mmc). The high intensity of the main peaks
indicates a high crystallinity of the alloy particles and suggests the
final product is composed almost exclusively of Cu6Sn5, although

shell carbon-coated nano-sized Cu6Sn5.
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ig. 8. TG/DTA curves for the core–shell carbon-coated Cu6Sn5 obtained in an air
ow at a heating rate of 10 ◦C min−1.

small amount of another phase (Cu3Sn) is also present. Further,
he average crystalline size of ca. 55 nm can be calculated using the
cherrrer formula. Higher X-ray diffraction intensity reveals that
he particle size of the carbon-coated sample is larger than that
f the oxides precursor (55 nm vs. 5 nm). Other small peaks that
ppeared in the pattern can be attributed to Cu3Sn or Sn. The Cu–Sn
hase diagram indicates that Cu and Sn can form many intermetal-

ic compounds, e.g., �, �, �, �, � and �′-CuxSn [22–24]. Cu3Sn is more
hermally stable than Cu6Sn5. In our experiment, it is highly pos-
ible that an inhomogeneous quenching process gives rise to some
ther phases and causes the final product to be slightly impure.

TEM images of the final product, Cu6Sn5/C, are shown in Fig. 7.
he typical size of these Cu6Sn5/carbon particles is in the range of

0–60 nm (Fig. 7a). Comparing the results shown in Fig. 2a and c, we
an clearly see that the size of the Cu6Sn5/carbon composite parti-
les, calcinated at 900 ◦C for 2 h, is close to the secondary particle
ize of its precursor. The reductive primary oxide particles aggre-
ate into one particle at high temperature due to their low melting

ig. 9. Charge/discharge profiles for (a) nano-Cu6Sn5 prepared by the NaBH4 reduction me
urrent density of 100 mA g−1 between 0.0 V and 2.0 V. The cycleability and coulombic effi
ore–shell carbon-coated nano-sized Cu6Sn5.
rces 196 (2011) 3633–3639

point. It is reasonable to conclude that one secondary aggregate
alloy consists of a thousand precursor particles, which shows the
possibility of acquiring stoichiometric Cu6Sn5 from a nano oxides
mixture. The TEM image in Fig. 7b shows typical examples of par-
ticles made of a Cu6Sn5 core and a carbon shell. A high-resolution
TEM image of a selected area shown as an inset in Fig. 7c also clearly
reveals that each particle is completely coated by a carbon layer to
form a core–shell structure where the carbon shell has been derived
from carbonization of the resol shell. The thickness of the carbon
layer is about 4 nm. By selecting the desirable carbon precursor
and modifying the surface with an in situ polymerization process,
the carbon shell effectively prevents the low melting point alloy
from pouring off during high temperature treatment, which typi-
cally occurs in carbon coating processes for low-melting point Sn
alloys, and also makes it possible to keep the alloy particle size in
the nano-range. The SAED pattern shown in Fig. 7d indicates clear
diffraction rings corresponding to the (1 0 1) and (1 1 0) planes of
hexagonal NiAs-type Cu6Sn5. They give direct evidence of the com-
position of the core in our composite. This result also agrees well
with the XRD patterns.

Fig. 8 shows TG/DTA curves for the core–shell carbon-coated
Cu6Sn5 obtained in an air flow at a heating rate of 10 ◦C min−1. At
500 ◦C, a sharp endothermic peak appears. This is attributed to oxi-
dation of the carbon layer. The broad endothermic peak from 500 ◦C
to 900 ◦C corresponds to oxidation of Cu6Sn5, which occurs at rel-
atively high temperatures. Only CuO and SnO2 remain after the RF
resin oxidized to CO2. A carbon content of ca. 30 wt% was calculated
based on the initial and final weights of the sample, according to
the equation given by Wang et al. [13]. The higher tin alloy con-
tent, as well as the thinner carbon coating, greatly contributes to
the enhanced material performance because the lithium storage
density in tin alloy is much higher than that in carbon.
3.3. Electrochemical properties of the Cu6Sn5/C composite
prepared by carbothermal reduction

It is expected that the core–shell structure of carbon-coated
alloy particles prepared by the carbothermal method described

thod and (b) core–shell carbon-coated nano-sized Cu6Sn5 recorded with a constant
ciency curves of (c) nano-Cu6Sn5 prepared by the NaBH4 reduction method and (d)
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bove would exhibit a good electrochemical profile as an anode
aterial for lithium ion batteries. For comparison, the electrochem-

cal performance of nano-scale Cu6Sn5 prepared by the NaBH4
eduction method and the Cu6Sn5/C composites were tested in
ombination with a metallic lithium negative electrode under iden-
ical conditions by cycling the cells between 0 V and 2.0 V at a
onstant current density of 100 mA g−1.

Fig. 9a is the charge/discharge profiles of nano-scale Cu6Sn5,
hich shows a sloping discharge/charge behavior with an ini-

ial discharge capacity of 852 mAh g−1 and charge capacity of
75 mAh g−1. However, this material exhibits poor cycling perfor-
ance. The capacity and coulombic efficiency versus cycle numbers

re plotted in Fig. 9c. Nano-sized Cu6Sn5, without carbon coat-
ng, delivers a capacity of only 130 mAh g−1 and shows a 74% loss
rom the first charge capacity after 50 cycles, which is caused by
he aggregation of nanoparticles during subsequent cycling. The
oulombic efficiency of nano-sized Cu6Sn5 rises from 56% in the
rst cycle to 98% in the 50th cycle, which indicates that the irre-
ersible capacity from the formation of a large amount of surface
lectronic interface (SEI) film mainly affects the first cycle. This is
ue to the large surface area of the nanoscale material and the reac-
ion with functional groups existing on the particle surface after the
ow-temperature synthesis process [6]. The decay of other cycles is
ttributed to alloy aggregation and pulverization.

Core–shell carbon-coated Cu6Sn5 exhibits improved electro-
hemical performance. As shown in Fig. 9b, several short plateaus
n the discharge–charge curves were clearly observed. This can
e attributed to the Li–Sn alloy–dealloy process, which agrees
ith the results reported by Cui et al. [25]. The composite deliv-

rs a discharge capacity of 817 mAh g−1 and a reversible capacity
f 475 mAh g−1 in the first discharge/charge cycle, correspond-
ng to a coulombic efficiency of 58% as shown in Fig. 9d, which
s not better than that of its competitor. As the composite con-
ains 30 wt% of carbon, the estimated irreversible and reversible
apacities contributed by the carbon are about 300 mAh g−1 and
0 mAh g−1, respectively. The irreversible and reversible capaci-
ies of the pure carbon from the resol precursor during the first
harge/discharge cycle are 700 mAh g−1 and 300 mAh g−1, respec-
ively [12]. The Cu6Sn5–carbon composite delivers a reversible
apacity of 490 mAh g−1 based on pure Cu6Sn5, which is close to
ts theoretical capacity, assuming that lithium-ion insertion into
u6Sn5 gives rise to Li4.4Sn and Cu. After a deduction of the irre-
ersible arising from the carbon-shell, the columbic efficiency of
ure Cu6Sn5 within the core–shell structured composite should be
5%. This further indicates that nano-sized Cu6Sn5 is full coated by
arbon layer, and thus the SEI film mostly forms on the carbon layer
ather than on the alloy surface. Core–shell carbon-coated Cu6Sn5
emonstrates a good cycling stability compared to that of the nano-
ized Cu6Sn5. It keeps a capacity of 383 mAh g−1 after 50 cycles with
capacity retention maintained above 80%.

As discussed in many works, the carbon-coated nano-alloy
hows dramatic electrochemical improvement, especially in cycle
tability [8,10,12]. In summary, these improvements could be
ttributed to three reasons. First, the nano-scale size of alloy par-
icles reduces the lithium diffusion length to a few nanometers.
econd, the carbon coating acts as an electronic conductor and

nsures good electrical contact during Li insertion/extraction pro-
esses. Third, the nano size of the particles limits the absolute
olume change of the alloy, so the carbon coating layer has enough
echanical strength to act as a structural buffer, preventing disin-

egration and aggregation of alloy particles [25].

[
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4. Conclusions

In summary, we developed a modified carbothermal reduction
process to prepare a core–shell structured, carbon-coated, nano-
scale, Cu6Sn5 that uses the precursors of mixed nano-sized metal
oxides. The as-prepared composites integrate the merits of inter-
metallic compounds and nano-sized anode materials. Although the
material shows low initial coulombic efficiency, it exhibits an excel-
lent electrochemical performance with higher reversible capacities
and improved capacity retention. Carbon-coated Cu6Sn5 delivers a
reversible capacity of 420 mAh g−1 at a constant current density
of 100 mA g−1 between 0 V and 2.0 V (vs. Li+/Li), with a capac-
ity retention of 80% after 50 cycles. This improvement in cycling
stability could be attributed to the fact that the well-coated car-
bon layer effectively prevents the encapsulated, low melting point
alloy from out-flowing in a high-temperature treatment process.
Aggregation and pulverization of nano-sized tin-based alloy parti-
cles during charge/discharge cycling is prevented as well. It can be
expected that the technology described in the present work can be
used to prepare various carbon-coated low-melting point binary
alloy nanoparticles and has a wide application in mass synthesis of
nano-sized alloy anodes.
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