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ABSTRACT: The lithium ion battery is viewed as one of the
most important energy storage devices for sustainable
transport of power, and it is now attracting tremendous
attention. In the present work, dense Sn films were pulse
electrodeposited on a Cu substrate and then post-treated at
200 °C under different conditions, including electroplating a
Cu coating film and heat treatment in different atmospheres.
Surface morphology and composition of the films were
characterized by scanning electron microscopy, X-ray
diffraction, and energy dispersive spectroscopy. These films
were then assembled as anodes for Li ion batteries with their
electrochemical properties investigated. The Sn-based anode
with a Cu coating post-heated in argon for 12 h forms a surface
with Cu6Sn5/Sn as the primary phase. It showed the largest first cycle charge/discharge capacity and highest irreversible capacity
loss (IRC). The Sn-based anode sintered in air for 48 h was surface modified by SnO and showed the smallest IRC. Change in
charge/discharge capacities as well as IRC at different cycles was also analyzed with the architecture of multi-layered anodes.
Defects in the Cu6Sn5/Sn surface phase lead to an increase in both the first cycle capacity and IRC of the anode, while the
existence of SnO is beneficial to the decrease in the first cycle IRC of the anode. This work provides a fundamental
understanding for the influence of the surface morphology, composition, and microstructure of Sn-based anodes on their
electrochemical performances.
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■ INTRODUCTION

Currently, sustainable clean energy is widely studied to replace
conventional fossil fuel that has placed great pressure on the
environment because of greenhouse gas emissions.1−5 Numer-
ous solar and wind power energy plants have been invested in
to exploit sustainable and renewable energy.6 The lithium ion
battery is considered one of the most potential candidates for
sustainable transport of power from green energy power
plants.7,8 The most commonly used graphite anode for lithium
ion batteries suffers from low energy density and safety
issues.9,10 Sn-based anodes are considered promising candidates
to replace the graphite anode in lithium ion batteries because of
their high gravimetric and volumetric capacity.10−12 As a result,
the improvement in their charge/discharge properties and cycle
performances is of great technical interest and scientific
significance.13−17 One major challenge restricting the applica-
tion of Sn anodes in lithium ion batteries is their large
irreversible capacity loss (IRC) at the first charge/discharge
cycle.10,18−20 Extra Li needs to be provided for compensation of
the lost capacity, decreasing the energy density of the battery.
The IRC can be caused by multiple factors, such as the loss of
electrical connection between active materials due to their large
volume change during cycling,10,21,22 formation of a passive

solid−electrolyte interface (SEI) film via the lithium reaction
with the electrolyte,23−27 trapping of Li in the host alloy,28−31

and formation of non-deintercalation Li2O between Li and the
surface oxide layer.32,33

The IRC of Sn-based anodes is strongly dependent on the
particle size, composition, and preparation methods of active
materials. Sn-based oxide materials, such as SnO, SnO2,
Li2SnO3, and SnSiO3, showed IRC values ranging from 200
to 700 mAh g−1.13 Sn-riched La−Co−Sn ternary alloys,
prepared by the arc-melting process with subsequent ball
milling, had IRC values of ∼400 mAh g−1 and showed a slight
increase in IRC value with increase in ball-milling time.34 The
thin film Sn anode prepared by electroplating (a few
micrometers in thickness) had an IRC value of ∼40 mAh
g−1,22 whereas nanosized Sn33,35 and SnSb alloys32,33 showed
IRC values of 250−500 mAh g−1. Cu6Sn5 surface-modified Sn
anodes prepared by electrodepositing and post-heat treatment
had IRC values of 270 mAh g−1.36
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Currently, understanding of the IRC values for improvement
in the electrochemical performance of Sn-based anodes has
attracted extensive attention from the scientific community.
Wachtler et al. studied the IRC values of a Sn/SnSb anode by
analyzing the galvanostatic cycling behavior in different
electrolytes.32 In the work by Wang et al., electrochemical
impedance spectroscopy (EIS) was used to investigate the
contact resistance of the sandwiched electrode (Sn, Li4.4Sn, and
AlSi0.1) and electrochemical kinetics during the initial lithium
insertion.35 Their result showed that the increase in contact
resistance is caused by both SEI film formation and active
materials pulverization.35 The study by Huang et al. on the
SnZn alloy anode via the first-principle plane wave
pseudopotential method indicated that the dead lithium
phase LixSn4Zn8−(4−x) (x = 4.74, 7.72) led to irreversible
capacity loss of the battery because of its high formation
energy.37

Our previous work has shown a strong influence of the
electrochemical performance of Sn-based three-layer anode by
its layer structure.38 However, the role of surface physical
parameters, which is a necessity for design of high performance
anodes for lithium ion batteries, is still unknown for the Sn-
based layered structure. Herein, the Sn films were treated with
different conditions to obtain multi-layered anodes with
different architectures. Detailed analysis was used to investigate
the influence of surface morphology, composition, and
microstructure on their capacity and IRC at different cycles.
The result showed that the capacity and IRC of Sn-based
anodes strongly depend on their surface properties. Presence of
defects in active material Cu6Sn5/Sn leads to an increase in
both the first cycle capacity and IRC, while the presence of SnO
causes a decrease in first cycle IRC. The relationship between
IRC as well as the first cycle charge/discharge capacity and their
structural factors of the Sn-based anodes is revealed in detail.
The major contribution of the current work is to improve the
fundamental understanding of the influences of surface
morphology, composition, and structure on the electrochemical
performances of multi-layered anodes, which is beneficial for
engineering the design of such layered anodes.

■ EXPERIMENTAL SECTION
Sn-based thin films were fabricated via electrodeposition with
commercial Cu foils as the substrate. The electrodeposition was
conducted in a three electrode cell (EG&G PAR273A) with Cu foils as
the working electrode, Pt (1 cm2 in area) as the counter electrode, and
saturated calomel as the reference electrode. Pulse currents and time
intervals were set to be 15 mA, 2.0 s and −1 mA, 0.5 s, respectively.
The corresponding current densities are 3.75 and 0.23 mA cm−2. The
detailed experimental setup is reported previously.36,38 The active
material in the anode was measured to be around 4.6 mg. A control
sample was fabricated by further electrodepositing Cu after electro-
depositing Sn film from the aqueous solution composed of 0.1 mol L−1

CuCl2 and 0.16 mol L−1 Na3C6H5O7 at the same pulse currents and
time intervals for 600 s. The films were then sintered at 200 °C in
argon or air from 12 to 48 h in a semi-sealed quartz tube (65 mm × 50
mm × 600 mm). The detailed experimental conditions for the samples
used in the experiment are shown in Figure 1.
The phase composition of Sn-based film was analyzed by X-ray

diffraction (XRD) using a Philips PW3040/60 diffractometer at a
scanning rate of 0.03° min−1 for 2θ in the range of 25 to 85°. Scanning
electron microscopy (SEM, SSX-550) was used to characterize the
surface morphology of the films at an accelerating voltage of 30 kV.
Energy dispersive X-ray spectroscopy (EDX) (Oxford INCA)
equipped in the SEM was used to analyze the cross-sectional element
distribution of thin films.

The Sn-based films were then cut into circles (6.5 mm in diameter)
and assembled as anodes for Li ion coil cells (CR2025 type) in a
Labstor glovebox, with Li and lithium hexafluorophosphate as the
cathode and electrolyte, respectively. The charge/discharge perform-
ance of the cell was recorded using the cell test instrument (LAND
CT2001A) in the potential range of 0.01− 2.0 V (vs Li/Li+) with a
constant current of 3 mA. AC impedance spectra of the cells were
measured by an EG&G PAR273A potentiostat/galvanostat and a 5210
Lock-in Amplifier, with a frequency range and ac amplitude from 100
mHz to 100 Hz and 5 mV, respectively. The ac impedance spectra
were then simulated to obtain the equivalent circuit parameters with
Zview software.

■ RESULTS AND DISCUSSION
Figure 2 shows the X-ray diffraction patterns of Sn-based films.
Shown in Figure 2a and b, peaks of the as-electrodeposited film
(sample a) and the sintered film (sample b) can be indexed as
metallic Sn (JCPDS 01-086-2264). The corresponding peaks

Figure 1. Schematic of experiment conditions for different samples:
(a) as-electrodeposited (denoted as sample a), (b) sintered at 200 °C
in argon for 12 h (denoted as sample b), (c) covered by Cu and then
sintered at 200 °C in argon for 12 h (denoted as sample c), and (d)
sintered at 200 °C in air for 48 h (denoted as sample d).

Figure 2. X-ray diffraction patterns of Sn-based films: (a) as-
electrodeposited, (b) sintered at 200 °C in argon for 12 h, (c)
covered by Cu and then sintered at 200 °C in argon for 12 h, and (d)
sintered at 200 °C in air for 48 h.
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are marked in the figure. No other phase was observed. It is
reasonable to assume that the bimetallic Cu6Sn5 phase may
exist in the interface between the Sn film and Cu substrate
because of the strong diffusivity of Cu.39,40 The heat treatment
should promote the diffusion of Cu into the Sn film.39 That no
Cu6Sn5 peaks were observed can be ascribed to a negligible
amount of Cu−Sn bimetallics or that the thickness of the Sn
film exceeded the penetration depth of X-ray. The enhanced
intensity of some diffraction peaks of the sintered film (Figure
2b) is attributed to the increase in crystallinity of metallic Sn
after heat treatment. The average crystallite size of Sn is
calculated to be 0.5 μm based on the Scherrer equation.41 The
XRD spectra of the Sn film sintered at 200 °C in argon for 12 h
with a Cu coating is shown in Figure 2c. Its primary phases are
Sn and bimetallic Cu6Sn5 (JCPDS 03-065-2303). Peaks related
to the Cu phase indicate that the top Cu layer has not been
completely converted into Cu6Sn5. The XRD result of the Sn-
based film sintered at 200 °C in air for 48 h is presented in
Figure 2d. In addition to Sn and Cu6Sn5, the presence of SnO is
confirmed because of oxidation of Sn in the top layer during
heat treatment.
Surface and cross-sectional images of the Sn-based films

treated under different conditions are presented in Figure 3.
The as-electrodeposited Sn film consists of large Sn crystals
with sizes of 5−10 μm and thicknesses of 10−13 μm (Figure
3a,b). Very little amounts of Cu−Sn intermetallics are observed
at the interface between the Sn film and Cu substrate. Sintering
at 200 °C in argon for 12 h does not apparently change the

surface morphology of the Sn film, but the intermetallic layer is
widened between the Sn film and Cu substrate (Figure 3c,d).
Intermetallic Cu6Sn5 can be confirmed according to the atomic
weight percentage of Cu and Sn in the EDX result shown in
Figure 3d. The surface morphology of the Sn-based film with a
Cu coating and post-heated in argon for 12 h (Figure 3e)
significantly differs from the above two anodes. Its rough
surface is composed of small grains, which are beneficial for the
insertion/extraction of Li ions. A complicated layered structure
(Figure 3f) was formed for the anode. Intermetallic Cu6Sn5 was
produced both on the outermost layer and inner layer adjacent
to the Cu substrate. Consistent with the XRD result shown in
the earlier section, the surface layer is primarily composed of a
mixture of Sn and Cu6Sn5. The surface morphology of the
sample annealed at 200 °C in air for 48 h did not have an
apparent change. Its three-layer architecture consists of SnO as
the top layer, Sn as the middle layer, and Cu6Sn5 as the bottom
layer, with thicknesses of 0.5, 3.2, and 4 μm, respectively, as
shown in our previous work.38

The potential profiles of different Sn-based film anodes in the
first charge/discharge cycle are presented in Figure 4. It can be

observed that the charge curves of the as-electrodeposited
anode (Figure 4a) and the anode heat treated in argon (Figure
4b) nearly coincide with each other. Both anodes have the same
first cycle charge/discharge capacity and two charge platform
potentials of 0.65 and 0.81 V. The only difference lies in the
discharge potential, the value of which is slightly lower for the
heat-treated anode. The result indicates that the first cycle
charge/discharge capacity of the dense Sn anode is dependent
primarily on its surface morphology and composition and
scarcely on its bulk structural property.
The Cu6Sn5 surface-modified anode (Figure 4c) shows the

largest first cycle charge/discharge capacity and platform
potential. Its charge/discharge capacity reaches 725 and
1036.7 mAh g−1, respectively. The discharge capacity exceeds
the theoretical value of Sn (997 mAh g−1). Induced by the
chemical driving force and thermal stress,42 Cu atoms in the
surface were squeezed and diffused into the underneath Sn
layer during heat treatment. The structural changes and thermal
activation can induce intrinsic structural defects.43 Those
energetically favorable and thermodynamically instable defects

Figure 3. Surface morphology and cross-sectional images of Sn-based
films: (a,b) as-electrodeposited, (c,d) sintered at 200 °C in argon for
12 h, and (e,f) covered by Cu and then sintered at 200 °C in argon for
12 h. The elemental analyses represented as different color curves are
presented in the figure (red, signal from Cu; blue, signal from Sn).

Figure 4. Potential profiles of Sn-based films treated under different
conditions for the first charge/discharge cycle: (a) as-electrodeposited,
(b) sintered at 200 °C in argon for 12 h, (c) covered by Cu and
sintered at 200 °C in argon for 12 h, and (d) sintered at 200 °C in air
for 48 h.
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can influence the electrochemical kinetics during Li extraction44

and are favorable for diffusion of Li ions.45

Compared with that of the as-electrodeposited Sn anode
(Figure 4a), the first cycle charge/discharge capacity of SnO
surface-modified anode (treated at 200 °C in air for 48 h)
(Figure 4d) increases to 472/574 mAh g−1. SnO is reduced first
and then alloyed/dealloyed by the following two steps46

+ + → ++ −SnO 2Li 2e Li O Sn2 (1)

+ + ⇔+ −x xSn Li e Li Snx (2)

Step 1 has two balanced effects on the capacity of the anode.
The presence of SnO provides an extra charge capacity. On the
other hand, the formation of non-deintercalation Li2O leads to
an increase in internal resistance of the anode, which can
consequently lead to incomplete delithiation with some Li ions
trapped and remaining in active particles,20,22−25 decreasing the
first cycle discharge capacity of the cells. In addition, Sn
produced in step 1 is immediately consumed in step 2 before
growing into larger crystals. This can also accelerate step 2 and
increase the discharge capacity.
Table 1 lists the first cycle charge/discharge capacities and

the corresponding IRC values of the Sn-based anodes. The Sn

anode before (sample a) and after (sample b) heat treatment in
argon shows similar charge/discharge capacities and IRC
values. The heat treatment at 200 °C in argon for 12 h has
little influence on the IRC values of Sn-based anodes. The Sn-
based anode with Cu6Sn5 surface modification (sample c)
shows the largest IRC value (311.7 mAh g−1) among all the
anodes.
The high IRC value of sample c may be attributed to its large

contacting area of the surface with electrolytes and thus
formation of a thick SEI film. Another reason for the high IRC
value may lie in the formation of intrinsic defects induced by
structural changes and thermal activation as discussed above. Li
ions are easily trapped in those energetically favorable and
thermodynamically instable defects in the surface-modified
layer,10,47−49 resulting in high IRC values.
The first cycle charge/discharge capacity of the SnO surface-

modified anode (sample d) was increased by 34.7% and 19.7%,
compared with that of the as-electrodeposited anode (sample
a). This increase in capacity is accompanied by a decrease in the
IRC value to 102.1 mAh g−1. The presence of the surface SnO
layer increases the charge capacity by the reaction in step 1 and
the formation of non-deintercalation Li2O have a negative
influence on the increase of discharge capacity to some extent,
resulting in a decrease in the IRC values. It is reported that
coating of the SnOx film can prevent formation of SEI
films.50,51

The cyclic performance of Sn-based film anodes treated
under different conditions for Li ion batteries were measured
for 50 cycles at the voltage of 0.01−2.0 V (vs Li/Li+) and at the
constant current of 3 mA. Corresponding results are presented
in Figure 5. The IRC curves of the anodes are also shown in
Figure 5. It should be noted that the charge/discharge curves in
different cycles can be divided into different regions, which are
related to the layered structure of the fabricated anodes. The
charge/discharge capacity of the as-electrodeposited Sn (shown
in Figure 5a) shows a peak value of 331.3/323.3 mAh g−1 at the
14th cycle because of its dense structure. The thick and dense
Sn anode with large crystallite size limits the diffusion of Li ions
for alloying reaction. It is important to note that the charging
process stops automatically as the potential increases to the set
value of 2.0 V. As a result, Sn in the anode is only partially
involved in the charge/discharge process in a single cycle
initially. The Sn anode gradually becomes porous during the
repeated charging/discharging processes, while more and more
active Sn materials in the inner layer participate in the
lithiation/delithiation process. In other words, the capacity
increases with an increasing insertion depth of Li in the anode.
Cracking of active materials caused by the volume change leads
to fading of the capacity after repeated cycles.
The Sn anode heated in an argon atmosphere for 12 h as

presented in Figure 5b shows a similar cyclic performance to
that of the as-electrodeposited Sn anode, but it achieves its
maximum charge capacity in the 10th cycle. The IRC values of
the heated anode in different cycles are also slightly lower than
those of the as-electrodeposited anode. This is likely a result of
a decrease in stress in the anode during heat treatment and less
SEI film production.
The cyclic curve of the Cu6Sn5 surface-modified anode

(shown in Figure 5c) can be categorized as two different
regions. Peak values are observed for charge/discharge
capacities and IRC values in the fourth and fifth cycles,
respectively. The surface layer is primarily composed of Cu6Sn5
and Sn. The concentration of Sn reaches a maximum between
the surface Cu6Sn5 layer and the internal layer (shown in Figure
3f). The Sn layer acts as an active matrix buffer to alleviate the
volume change in the active materials,52 which accounts for the
peak value of the charge/discharge capacity at the fourth cycle.
However, the active matrix has disadvantages of low
reversibility and strong dependence on the charge depth.53,54

Therefore, the high IRC value in the fifth cycle indicates that
the lithium/delithum reaction has penetrated through the Sn
layer. The charge/discharge capacity is maintained at a value of
around 520 mAh g−1 within the further 10 cycles, in
correspondence to the capacity of the inner Cu6Sn5 layer in
the anode. The alloying reaction of Cu6Sn5 with Li can be
expressed as follows55

+ + ⇔ ++ −10Li Cu Sn 10e 5Li CuSn Cu6 5 2 (3)

+ − ⇔ ++ −12Li 5Li CuSn 12e 5Li Sn 5Cu2 4.4 (4)

Cu also buffers the volume change in active materials during
the insertion/extraction of Li during the repeated charge/
discharge processes because it does not form an alloy with Li.
After the fifth cycle, the IRC value stops undergoing significant
change and maintains in the low level.
The cyclic curve of the SnO surface-modified anode can be

categorized in three regions (Figure 5d), related to the cyclic
performance of the outmost SnO layer (zone I), middle Sn
layer (zone II), and innermost Cu6Sn5 layer (zone III).38 The

Table 1. First Cycle Charge/Discharge Capacities and IRC
Values of Sn-Based Anodes for Li Ion Cellsa

sample
no.

charge capacity
(mAh g−1)

discharge capacity
(mAh g−1)

IRC
(mAh g−1)

a 350.5 479.6 129.1
b 353.8 489.6 135.8
c 725 1036.7 311.7
d 472.1 574.2 102.1

a(a) as electrodeposited, (b) sintered at 200 °C in argon for 12 h, (c)
covered by Cu and then sintered at 200 °C in argon for 12 h, and (d)
sintered at 200 °C in air for 48 h.
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middle Sn layer shows the maximum charge/discharge capacity
of 342.5/347.2 mAh g−1 in the 10th cycle, which is comparable
to that of the as-electrodeposited Sn anode (331.3/323.3 mAh
g−1 in the 14th cycle, Figure 5a). The middle Sn layer also
shows the smallest capacity and IRC, while the innermost
Cu6Sn5 layer shows the highest value in capacity and IRC. The
average IRC values of SnO (zone I), Sn (zone II), and Cu6Sn5
(zone III) are 6.9, 3, and 36 mAh g−1 respectively. The high
IRC values of the Cu6Sn5 layer may be attributed to its defect
structure formed via sintering during alloying between Cu and
Sn.
Results shown above indicate that samples c and d with

surface modification by Cu6Sn5 and SnO, respectively, have
significantly different first cycle IRC values compared with the
as-electrodeposited Sn anode (sample a), but they show
unnoticeable change in first cycle IRC values and charge/
discharge capacities of the anode after heat treatment in argon
(sample b). Therefore, it is worth investigating the electrical
resistance properties of the two modified anodes by electro-
chemical impedance spectrum (presented in Figure 6). The ac
impedance spectrum of the as-electrodeposited anode and
corresponding equivalent circuit are also presented in Figure 6.
The equivalent circuit consists of the resistance of the
electrolyte (R1), resistance/capacity of the SEI film (Rf/Cf),
charge transfer resistance/double layer capacity (Rct/Cd), and
Warburg impedance (Zw). Values of resistances Rf and Rct for
the three Sn-based anodes are listed in Table 2. Notice that the
as-electrodeposited Sn anode has the largest charge transfer
resistance (140 Ω cm2) due to the large obstruction of its
thickest dense Sn film to the insertion of Li ions, resulting in
the smallest charge/discharge capacity (350.5/479.6 mAh g−1).

The Cu6Sn5 surface-modified Sn anode shows the largest SEI
film resistance (135 Ω cm2) because of the large contacting

Figure 5. Cyclic performance of Sn-based film anodes treated under different conditions for Li ion cells: (a) as-electrodeposited, (b) sintered at 200
°C in argon for 12 h, (c) covered by Cu and sintered at 200 °C in argon for 12 h, and (d) sintered at 200 °C in air for 48 h.

Figure 6. AC impedance spectra of the Sn-based anodes for Li ion
cells: (a) as-electrodeposited, (c) covered by Cu and sintered at 200
°C in argon for 12 h, and (d) sintered at 200 °C in air for 48 h.

Table 2. Resistance of Charge Transfer and SEI Film of Sn-
Based Anodes for Li Ion Batteriesa

sample no. a c d

Rf/Ω cm2 15 135 4.5
Rct/Ω cm2 140 9.8 25

a(a) as electrodeposited, (c) covered by Cu and then sintered at 200
°C in argon for 12 h, and (d) sintered at 200 °C in air for 48 h.
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surface with the electrolytes and large amount of defects, both
of which are beneficial for formation of SEI films that leads to
high IRC values of the anode.10 The SnO surface-modified Sn
anode (sample d) showed the lowest SEI film resistance, which
is consistent with the conclusion obtained above that the
presence of SnO can accelerate the insertion/extraction process
of Li ions and decrease the IRC values of the cell. Because
Warburg impedance in equivalent circuit reflects intrinsic
resistances of the anodes and is presented by straight lines in
the electrochemical impedance spectra in the low frequency
range, it can also be observed that the as-electrodeposited Sn
anode has the largest Warburg impedance, while the SnO
surface-modified Sn anode has the smallest one, which is
attributed to the thick Cu6Sn5 layer in the anode. Study of
impedance spectra further revealed the relationship between
the structure and properties of the Sn-based anodes.

■ CONCLUSIONS

Dense Sn-based anodes were prepared by pulse electro-
deposition and post-heat-treated under different conditions
for investigation of the influence of their surface structure on
the charge/discharge capacity and IRC for Li ion batteries. The
IRC values of all cycles and anodes are given with
corresponding alloy/de-alloy reactions of various architectures
analyzed in detail. The charge/discharge capacities and IRC
values of the Sn-based anodes for Li ion batteries are shown to
be strongly dependent on their surface morphology and
composition. The as-electrodeposited Sn anode, composed of
the thickest dense Sn film, demonstrated the smallest first cycle
charge/discharge capacity and IRC as well as the largest charge
transfer resistance. The Cu6Sn5 surface-modified Sn anode
showed the largest first cycle charge/discharge capacity and the
highest IRC as well as the largest SEI film resistance. Its charge/
discharge capacity and IRC in the first cycle are 725/1036.7 and
311.7 mAh g−1, respectively. The SnO surface-modified Sn
anode had low SEI film resistance and the smallest IRC at the
first cycle. The presence of SnO in the surface coating is
preferable for a decrease in the first cycle IRC values, and defect
is favorable for the IRC values. This work provides a
fundamental understanding of the relationship between the
first cycle charge/discharge capacity, IRC, and surface structure
of Sn-based anodes of Li ion batteries for sustainable transfer of
energy.
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