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Abstract Sn–Sb–Co alloy films prepared via co-electro-

plating and post-electrodissolution treatment were studied

as anode materials for lithium-ion batteries. The alloy was

composed of pure Sn, Sn–Sb, and Sn–Co alloy phases.

During post-electrodissolution, the easy dissolution of Sn

phase resulted in an increase in Sb and Co contents.

Electrochemical measurements showed improved initial

capacity and capacity retention with increasing electro-

dissolution treatment time. For the sample subjected to

10 min of electrodissolution treatment, the capacity

remained at 580 mAh g-1 at the 50th cycle. Post-electro-

dissolution was proven to be an effective method to

improve the electrochemical performance of ternary Sn-

based alloys.

Keywords Lithium-ion battery � Anode material � Sn–

Sb–Co alloy � Electrodissolution treatment �
Electrochemical performance

1 Introduction

Anodes based on carbonaceous materials with a theoretical

capacity of only 372 mAh g-1 cannot meet the require-

ments of high-energy density lithium-ion batteries (LIBs)

for future applications [1]. In the past decades, substantial

efforts have been focused on discovering new materials

with high lithium intercalation capacity for LIB applica-

tions. Given their high theoretical capacities, Sn, Sb, Si,

and Ge have attracted the interest of numerous researchers

[2]. Among these metals, Sn-based materials became the

most advantageous alternatives for carbonaceous materials

because of its higher theoretical capacity (993 mAh g-1)

and because it is easier to prepare, less toxic, cheaper, and

has more diverse morphologies [1–3]. However, the vol-

ume change in pure Sn phase during charge–discharge

cycling is as high as 300 %. This large volume expansion

leads to serious pulverization of Sn materials and the loss

of electric contact of Sn active materials with the current

collector, which results in rapid capacity decay, typically in

20–30 cycles [4–6]. To solve this problem, a number of

methods have been proposed, as demonstrated in

Scheme 1.

One method involves reducing the size of Sn particles.

For example, Yu et al. [7] found that nanoscale Sn particles

performed considerably better than those of micron size.

However, the aggregation of nanoparticles during cycling

typically damages the performance at a very fast rate.

Alloying Sn with several other metals, which are either

active or inactive for lithium intercalation, is the second

most effective approach for improving capacity retention.

Binary Sn-based alloys, such as Sn–Cu [8–10], Sn–Ni [11–

14], and Sn–Co [15–18], have been intensively studied.

Several ternary Sn-based alloys were also considered for

this purpose. For example, the Sn–Sb–Cu alloy synthesized

via reductive co-precipitation by Wang et al. [19] was

proven to be significantly better than binary Sn–Sb alloys

in terms of cycling properties. Tabuchi et al. [20] designed

a Sn75.4Co18.1Sb6.5 alloy and found that the alloy had a

higher cycling capacity than Sn–Sb or Sn–Co binary alloys.

The preparation of Sn-based materials with a novel
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structure has been proven as another effective method to

accommodate the large volume expansion [10, 14, 18, 21–

25]. For example, Xue et al. [26] electrodeposited an Sn–

Co alloy on a porous Cu film as the current collector. The

result showed that the porous electrode performs better

than the planar electrode because of the introduction of

extra space to buffer the volume change. Scrosati and co-

workers [12] designed a 3D Cu nanorod array by using a

porous alumina membrane as template, and Sn–Ni alloy

was then electrodeposited on the array. This 3D nano-

structured Sn–Ni alloy electrode exhibited excellent

capacity retention and high rate capability. Electrodisso-

lution, which has been introduced by our group [10, 14, 18]

to create controllable nanopores in the residual alloys, was

found to be another effective method to improve both the

capacity retention and rate performance of binary Sn-based

alloys.

In the present work, post-electrodissolution treatment

was performed on a ternary Sn–Sb–Co alloy film prepared

via co-electroplating method. The structural feature and

electrochemical performance change with electrodissolu-

tion treatment intervals were studied to optimize the

preparation conditions for the Sn–Sb–Co alloys. Even

though the porosity of the alloy after post-electrodissolu-

tion did not significantly increase, both the capacity

retention and rate performance significantly improved.

2 Experimental

2.1 Preparation of Sn–Sb–Co alloy materials

An Sn–Sb–Co alloy film was electrodeposited on one side

of a piece of Cu foil, which was 10 lm thick and was used

as the current collector in LIBs. Prior to deposition, the Cu

foil was washed with acetone and 0.1 mol L-1 HCl to

remove organic contaminants and oxides on the surface.

Electrodeposition was conducted in a two-electrode,

homemade electrolytic cell and the Cu foil loaded with Sn–

Sb–Co alloy film was used as the cathode and a 20 cm2 Ti

sheet as the anode. The composition of the electrodepos-

ition bath is listed in Table 1. Electrodeposition was per-

formed at a constant current density of 10 mA cm-2 for

10 min at room temperature. The bath composition and

operating conditions has been optimized experimentally.

And it was found that, at this bath composition and oper-

ating conditions, an alloy Sn–Sb–Co film with compact

structure and smooth surface could be obtained.

The electrodissolution treatment was performed in the

same electrolytic cell with the as-deposited Sn–Sb–Co

alloy on the Cu foil surface as the anode, an Ni net as the

cathode, and a 0.1 mol L-1 HCl solution as the electrolyte.

Electrodissolution was conducted at different intervals, i.e.,

4, 6, 8, 10, and 14 min at a constant current density of

5 mA cm-2. The Sn–Sb–Co alloy samples were then

washed with deionized water and absolute ethanol for three

times and dried in a vacuum oven at 80 �C for 24 h. The

samples were then cut into disks of the same size and

weighed using an analytical balance with an accuracy of

0.1 mg to obtain the mass of the active material loaded on

the Cu foil.

2.2 Structure characterization

The composition and morphology of the alloy samples

were investigated using a JSM-7600F field emission

scanning electron microscope (SEM, JEOL, Japan) equip-

ped with an EDX detector at an accelerating voltage of

15 kV. A D8 Advance X-ray diffractometer (XRD, Bruker,

Germany) was used to record the crystallographic infor-

mation of the samples with Cu Ka radiation at a scan rate

of 0.58 s-1. The specific surface area of the sample was

measured using a Quadrasorb SI Surface area analyzer

(Quantachrome, USA) based on the BET adsorption of N2.

2.3 Cell assembling

CR2025 coin test cells were assembled in an Ar-filled

glove box at room temperature. The Sn–Sb–Co alloy

Scheme 1 Methods of improving the capacity retention of Sn-based

materials for lithium-ion battery applications

Table 1 Bath composition for electrodeposition of the Sn–Sb–Co

alloy

Chemicals Concentration (g L-1)

SnCl2�2H2O 28.2

SbCl3 3.25

CoCl2�6H2O 3.0

K4P2O7�3H2O 192.2

NaKC4H4O6�4H2O 10.0

C2H5NO2 10.0

Gelatin 1.0
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sample discs were used as the working electrode, and a

lithium sheet was used as the counter and reference elec-

trode. A total of 1 mol L-1 LiPF6 dissolved in an organic

solvent mixture, which was composed of ethylene car-

bonate, dimethyl carbonate, and diethyl carbonate at a ratio

of 1:1:1, was used as the electrolyte. A Celgard 2400

membrane was used to separate the working and counter

electrodes.

2.4 Electrochemical characterization

The test cells were galvanostatically charged and dis-

charged with a current density of 0.2 C rate on a CT2001C-

001 Land battery test system (Jinnuo, Wuhan, China) at

cut-off voltages between 0.05 and 1.5 V. The cyclic vol-

tammograms of these samples were recorded using a

CHI604A electrochemical work station (CH Instrument,

shanghai, China) within a voltage range of 0.0–2.0 V (vs.

Li?/Li) at a scan rate of 0.5 mV s-1. The rate performance

of the sample was studied by charging and discharging the

test cell at rates of 0.2, 1, 2, 5, and 10 C.

3 Results and discussion

3.1 Composition of the alloys

The XRD patterns of the Sn–Sb–Co alloys before and after

electrodissolution treatment were recorded and are shown

in Fig. 1. The strongest diffraction peaks related to the Cu

foil substrate appeared at 2h = 43.3� and 50.4� (JCPDS

Card No. 04-0836, space group: Fm-3 m, 225). The dif-

fraction peaks of the tetragonal Sn phase were at

2h = 30.6�, 32.0�, 43.9�, 44.9�, 55.3�, 62.5�, 63.8�, and

64.6� (JCPDS Card No. 04-0673, space group: I41/amd,

141). The peaks of the hexagonal Sn–Sb phase were at

2h = 29.1�, 41.5�, 41.8�, 51.7�, 60.3�, 68.1�, and 68.5�
(JCPDS Card No., 33-0118, space group: P-3 m, 166),

whereas those of the tetragonal Sn–Co phase were at

2h = 28.9�, 32.8�, 41.3�, 42.5�, 44.3�, and 52.2� [27]. The

XRD patterns demonstrated that the Sn–Sb–Co alloy is

composed of three distinct phases of Sn, Sn–Sb, and Sn–

Co. When the electrodissolution time was increased, the

diffraction peaks of the Sn phase weakened and were hard

to see after 6 min of dissolution. This result suggests that

the Sn phase dissolves considerably more rapidly than the

accompanying Sn–Sb and Sn–Co phases. The surface

composition of the alloys after electrodissolution treatment

for different intervals was determined via EDX in area scan

mode and is listed in Table 2.

As shown in Table 2, the Sn content in the residual

alloys significantly decreased with increasing dissolution

interval. This result is consistent with the XRD results. The

increased molar ratio of Sb and Co in the residual alloys is

the result of the rapid loss of the Sn phase.

3.2 Morphology of the samples

The color of the as-deposited Sn–Sb–Co alloy film was

gray. After electrodissolution treatment, the film turned

dark, which suggested the formation of small pores. The

SEM images before and after electrodissolution treatment

are shown in Fig. 2.

The as-deposited Sn–Sb–Co alloy film is composed of

two parts: flat bottom and round aggregates embedded in

the flat bottom. The round aggregates are composed of

even smaller particles. During electrodissolution, the fol-

lowing reactions occur:

Sn ! Sn2þ þ 2e�

Sb ! Sb3þ þ 3e�

Co ! Co3þ þ 2e�

Due to electrodissolution of Sn, Sb and Co, these round

aggregates became smaller, and numerous small pores

were formed. Meanwhile, cracks formed and grew in the

flat bottom during the treatment, which may be ascribed to

Fig. 1 XRD patterns of the Sn–Sb–Co alloy after electrodissolution

for 0, 4, 6, 8, 10, and 14 min

Table 2 Surface composition of the Sn–Sb–Co alloys after electro-

dissolution treatment at different intervals

Elements Molar ratio (%)

0 min 4 min 6 min 8 min 10 min 14 min

Sn 83.59 73.30 67.49 59.54 54.81 48.12

Sb 12.09 20.60 25.18 28.91 31.47 37.46

Co 4.32 6.10 7.32 11.55 13.72 14.42
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the residual tension inside the alloy and the rapid dissolu-

tion of the Sn phase. For the sample subjected to electro-

dissolution for 14 min, the cracks disappeared with the

formation of micropores in the flat bottom.

3.3 Electrochemical performance

The cyclic voltammograms (CVs) of Sn–Sb–Co alloys

before electrodissolution treatment and after 8 min of

treatment are shown in Fig. 3.

The CV curves of the as-deposited Sn–Sb–Co alloy vary

from those of the alloy after 8 min of electrodissolution

treatment. For the as-deposited alloy, five reduction peaks

marked with 1, 2, 3, 4, and 5, as well as their corresponding

oxidation peaks 10, 20, 30, 40, and 50, can be observed. Peaks

1 and 10 correspond to the reversible lithiation of the Sn–Sb

alloy, which forms Li3Sb and Sn, as shown in (1).

Meanwhile, the other four peaks correspond to the lithia-

tion reactions of Sn.

SnSb þ 3Liþ þ 3e� � Li3Sb þ Sn ð1Þ

For the sample subjected to 8 min of electrodissolution

treatment, only three pairs of peaks appeared. Peaks 1 and

10 correspond to the lithiation of the Sn–Sb alloy phase, and

peaks 2–20 and 3–30 belong to a series of lithiation of Sn.

Within 1.2–2.0 V, a distinct separation between the for-

ward and reverse curves can be observed. This separation is

due to the large double-layer capacitance, which suggests

an increase in the specific surface area of the samples after

electrodissolution treatment.

The charge and discharge curves of the as-deposited Sn–

Sb–Co alloy and the sample after 8 min of electrodisso-

lution treatment are shown in Fig. 4.

In Fig. 4a, four platforms appeared at 0.80, 0.65, 0.51,

and 0.40 V in the discharge curves, which correspond to

Fig. 2 SEM images of the Sn–Sb–Co alloys after electrodissolution treatment at different intervals: a 0, b 4, c 6, d 8, e 10, f 14 min, and the

round aggregate (A) and the flat bottom (B)

118 J Appl Electrochem (2015) 45:115–122

123



the formation of Li3Sb, Li2Sn5, LiSn, and Li7Sn3, respec-

tively [28]. Four platforms at 0.60, 0.70, 0.77, and 1.20 V

in the charge curves correspond to the formation of LiSn,

Li2Sn5, Sn, and Sb, respectively [28]. However, only one

apparent platform at 0.80 V corresponding to Li–Sb for-

mation and a less evident platform around 0.30 V, which

correspond to a series of lithiation of Sn, could be seen in

the discharge curves in Fig. 4b. In addition, two platforms

at 0.75 and 1.10 V represent the lithiation of Sb and Sn,

respectively. By comparing the charge and discharge

curves, the lithiation potential of the Sb reaction does not

significantly change, whereas the lithiation potential of Sn

reactions significantly changes. This change can be attrib-

uted to the loss of the Sn phase as well as the reduced size

of the Sn and Sn–Sb phases.

The initial discharge capacity of the as-deposited alloy

electrode is 691 mAh g-1, as shown in Fig. 5a. The

specific capacity of the as-deposited alloy rapidly

decayed after 13 cycles. This electrode completely lost

its activity in 40 cycles, which is a marginally better

performance than that of pure Sn electrode [29]. This

result suggests that pulverization caused by the large

volume change is still significant for the as-deposited Sn–

Sb–Co ternary alloy. Therefore, the performance of the

as-electrodeposited Sn–Sb–Co ternary alloy with only Sn

as well as the separated Sn–Sb and Sn–Co binary alloy

phases is worse than that reported and discussed in detail

in literature [20, 21]. Meanwhile, Fig. 5a also demon-

strates the significant improvement in cycling perfor-

mance with increasing electrodissolution treatment

interval. The reversible capacity of the alloy after 10 min

of electrodissolution treatment remained 580 mAh g-1

after 50 cycles. The capacity retention of this alloy

sample after 50 cycles is 57 %, whereas that of the as-

deposited Sn–Sb–Co alloy is only 5.5 % after 40 cycles.

In Fig. 5b, the Coulombic efficiency of the initial cycle

of the samples after electrodissolution treatment is con-

siderably lower than that of the as-deposited sample,

which indicates the large surface area of these samples.

As such, more electricity is needed to reduce the surface

oxide and form the solid electrolyte interface (SEI)

membrane. The Coulombic efficiency also improves with

increasing treatment interval. The Coulombic efficiency

of the samples after treatment for 8, 10, and 14 min

remains higher than 90 % for 50 cycles.

The rate performance of the sample was studied by a

stepwise increase in the charge–discharge rate from 0.2 to

10 C and then returning back to 0.2 C, as shown in Fig. 6.

For the as-deposited alloy, the capacity at a rate of 10 C is

only 13.4 % of that at a rate of 0.2 C. The sample after

8 min of treatment delivers 624, 595, 534, 451, and

600 mAh g-1 at rates of 1, 2, 5, 10, and 0.2 C, respec-

tively. The capacity of this sample at a rate of 10 C is 75 %

of that at a rate of 0.2 C. Therefore, a significant

Fig. 3 CVs of Sn–Sb–Co alloy

before (a) and after 8 min of

dissolution treatment (b)

Fig. 4 Charge–discharge

curves of the Sn–Sb–Co alloy

before (a) and after 8 min of

dissolution treatment (b)
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improvement in rate performance can be observed by

prolonging the electrodissolution treatment interval.

These results demonstrate that post-electrodissolution

treatment is an effective method of improving the initial

capacity, capacity retention, and rate performance of the

electrodeposited Sn–Sb–Co alloys. The electrochemical

performance of the alloys after more than 8 min of treat-

ment is already close to those reported by Tabuchi [20] and

Ke [21]. The easy preparation makes our procedure more

advantageous. The improvement introduced by post-elec-

trodissolution treatment is ascribed to the increased surface

area as well as the reduced Sn content and particle size.

As shown in Fig. 2, more cracks and pores formed when

the post treatment interval was prolonged, which resulted

in increased surface area. The low initial charge–discharge

Coulombic efficiency shown Fig. 5b and the separation of

the charge and discharge curves shown in Fig. 3b both

suggest the enlarged surface area. The specific area of the

samples was measured via BET adsorption, as shown in

Table 3.

The specific surface area of the as-deposited sample is

28.0 m2 g-1. Prolonging the treatment interval increases

the specific area accordingly. The larger specific surface

area improves the contact between alloy materials and the

electrolyte, thereby increasing the active area, shortening

the diffusion path of the lithium ion, and improving the

electrochemical performance of the Sn–Sb–Co alloy.

However, the increase in specific area is not as significant

as the improvement in capacity retention, which suggests

that the enlarged specific surface area is not the sole reason

for the improvement. Therefore, the increased Sb and Co

contents in the residual alloy were considered as the other

reason accounting for the improvement in electrochemical

performance.

As shown in Fig. 2a, the Sn–Sb–Co alloy sample is

composed of two parts: the round aggregate, which is

marked as (A), and the flat bottom, which is marked as (B).

In Figs. 2b–d, the aggregates become smaller and more of

the flat bottom is exposed as the electrodissolution treat-

ment proceeds. Given that the current density at the

aggregate part is higher than at the lower flat bottom, the

rapid dissolution of the aggregate is expected. However,

Figs. 2e, f show more aggregates. The emergence of more

aggregates is attributed to the dissolution of the flat bottom

part, which exposes the aggregates once embedded in the

flat bottom. This process is illustrated by Scheme 2.

The composition of Part (A) after different treatment

intervals was studied via EDX in spot scanning mode and

is shown in Table 4. For the as-deposited Sn–Sb–Co alloy,

no Co was found on the surface of Part (A). As electro-

dissolution proceeds, few Co are observed. This small

amount of Co is attributed to the fact that at this stage, the

Fig. 5 Cycling performance of

the Sn–Sb–Co alloys after

treatment for different intervals:

a discharge capacity,

b Coulombic efficiency

Fig. 6 Rate performance of the Sn–Sb–Co alloys after electrodisso-

lution treatment at different intervals

Table 3 Specific surface areas

of the Sn–Sb–Co alloys after

electrodissolution treatment at

different intervals

Samples BET surface area

(m2 g-1)

0 min 28.0

4 min 27.1

6 min 31.6

8 min 37.5

10 min 41.1

14 min 51.4
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size of the impact spot of the electron beam exceeds the

size of the aggregate, and Co in the flat bottom part is

collected. In the XRD image in Fig. 1, Part (A) consists of

Sn and Sn–Sb phases, and Sn–Sb particles are wrapped in

Sn [2]. As dissolution proceeds, Sn dissolves and exposes

the Sn–Sb phase, which results in a decrease in Sn content

and an increase in Sb content, as shown Table 4. Co exists

homogeneously in Part B without distinct diffraction peaks.

The lithiation and delithiation occurred in two separated

places, i.e., Part A and Part B. The lithiation and delithi-

ation reactions in Part A can be indicated as Eqs. (1) and

(2):

Sn þ xLiþ þ xe� � LixSn ð0 \x � 4:4Þ ð2Þ

Meanwhile, the lithiation reactions in B can be written

as Eq. (3):

SnCoy þxe� þ xLiþ ! LixSn þ yCo ð0 \x � 4:4Þ
ð3Þ

When Eq. (1) occurs, Sn and Co buffer the volume change.

When Eq. (3) occurs, Li3Sb and Co buffer the volume chan-

ges. During delithiation, the atoms of Sn and Sb bond together

and restore the original Sn–Sb phases [30–32]. The separation

and restoration of the atoms could counteract the aggregation

of Sn phase [3, 33, 34], which was one of the reasons for the

rapid capacity decay. Unlike Sb, Co cannot be restored with

Sn to form the Sn–Co alloy phase but instead forms nanosized

particles after the first discharge [35]. The nanosized particles

can prevent the pulverization of the alloy.

4 Conclusion

The as-electrodeposited Sn–Sb–Co alloy is composed of an

Sn phase and two binary Sn–Sb and Sn–Co phases. The

Sn–Sb and Sn–Co alloy phases exist in different states: Sn-

Sb forms a distinct alloy phase, whereas Co is distributed

homogeneously in Sn. During electrochemical treatment,

cracks and pores were formed because of the rapid disso-

lution of the Sn phase, which resulted in an increase in Sb

and Co contents. The increased specific area, reduced

particle size, and increased content of Sb and Co all con-

tribute to higher initial capacity, improved capacity reten-

tion, and better rate performance. For the Sn–Sb–Co alloy

after 10 min of dissolution treatment, the discharge

capacity remained at 580 mAh g-1 after 50 cycles, which

approximates that of materials synthesized via a more

complicated metallurgical process. This result proves that

the post-electrodissolution treatment is an effective method

to improve the electrochemical performance of either

binary or ternary Sn-based alloys.
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