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Abstract CugSns alloys were successfully electrodepos-
ited on rough Cu foils and smooth Cu sheets using a facile
one-step electrodepositing method, and their structural
and electrochemical properties were examined by X-ray
diffraction (XRD), scanning electron microscopy (SEM),
galvanostatic charging/discharging testing and electro-
chemical impedance spectroscopy (EIS). The influence of
surface morphology of the current collectors on the cyc-
leability and the interfacial performance of the CugSns
alloy electrode are both discussed. The results demonstrate
that the CugSns alloy electrode on the rough Cu foil pre-
sented better electrochemical performance than that on
the smooth Cu sheet because its rough surface could buffer
the volume changes to some extent. The first discharging
(lithiation) and charging (delithiation) capacities were
measured at 462 and 405 mAh g~ respectively with high
initial coulomb efficiency of 88%, with charging capacity
in the 50th cycle remaining 76% of that in the first cycle.
The phase transformation during initial lithiation was
detected by electrochemical impedance spectroscopy (EIS)
and its trend versus electrode potential is also discussed.
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1 Introduction

Lightweight and compact, lithium-ion batteries have proved
to be ideal energy storage devices in appliances such as
laptops, mobile phones and electric vehicles. Developing
application of these devices has demanded a rise in battery
energy density. However, mainstream lithium-ion batteries
based on a carbon/graphite anode and a transition metal-
oxide cathode are approaching their technological limit.
Tin presents an attractive alternative to graphite as anode
material for lithium-ion batteries due to its high gravimetric
and volumetric capacities [1]. However, tin has not come to
application due to its poor cycleability caused by large
volume changes during lithiation/delithiation. In compari-
son with tin, tin-based alloys exhibit better cycleability due
to inactive elements in the alloy buffer volume changes
during charge/discharge cycling. Recently, tin-based alloys
Such as Sn—Zn [2, 3], Sn—Sb [4, 5], Sn—Co [6, 7] and Sn—Cu
[8-14] have been intensively investigated and much
improvement has been achieved. Among these alloys,
CugSns is one of the most promising anode materials
because of its low price, high conductivity and good reten-
tion of capacity. Electrodeposition has been used to prepare
metal and alloy materials due to its low cost and suitability
for large-scale manufacture [12—14]. Although many efforts
have been devoted to obtaining Cu-Sn alloys using elec-
trodeposition in a single bath, bronzes consisting of small tin
content were mainly reported. To overcome this drawback, a
pulsed electrodeposition method developed by Dahn’s
group allows increase of the tin content in the deposits [12].
However, it is hard to accurately control the pulse parame-
ters to obtain the expected alloy phases. Tamura et al. [13]
have also fabricated Cu—-Sn alloys with improved electro-
chemical performance by annealing the electrodeposited
tin layer. Nevertheless, a thick and uniform Cu—Sn layer is
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difficult to obtain through this method. Pu et al. [14] have
fabricated Cu—Sn alloy electrodes with a Cu protective layer
coating on the surface by electrodeposition and annealing.
Although the capacity retention is high, the thickness of the
Sn and Cu layer is not well controlled.

Although the relationship between morphology and
electrochemical properties of alternative materials to
graphite, and of graphite itself, has been under study [15],
only minor studies have been devoted to the influence of
the surface structure and morphology of the current col-
lectors on the electrochemical performance of electrode
materials. Recently, Fujitani et al. [16] studied the effect of
the surface roughness of Cu foil, the current collector
generally used for the negative electrode, on improving
cycleability data. They attributed this improvement to the
formation of a microcolumnar structure of the deposits,
which cracks periodically in accordance with the surface
profile of the Cu foil, providing space for the active
materials to stretch either upwards or sideways during
charging. By contrast, flat surfaces crack randomly, so that
the active materials easily pulverize and delaminate from
the foil. Arbizzani et al. [17] have investigated the lithia-
tion/delithiation performance of CugSns alloy electrodes
using carbon paper as the current collector. The results
demonstrated that good cycleability was achieved, assisted
by the three-dimensional conductive matrix with micro-
metric, interconnected carbon fibers. Recently, Park et al.
[18] have also found that a Sn-anode electroplated on the
nodule-type copper substrate and annealed for 1 h at 200°C
had the best performance. In addition, although the
mechanism of lithiation/delithiation of CusSns alloy elec-
trodes has been extensively studied, little literature has
been devoted to the interfacial performance of CugSns
alloy electrodes in commercial electrolytes, which is also
important to improve their electrochemical performance.

In this paper, CugSns alloy anodes were successfully
prepared by a facile one-step electrodeposition method.
The effects of surface morphology and structure of the
current collector on the electrochemical performance of
the CugSns alloy electrode were investigated by scanning
electron microscopy (SEM). Also, the interfacial perfor-
mance, especially the phase transformation of the CugSns
alloy electrode on the rough Cu foil during lithiation, was
studied by EIS for the first time in our work.

2 Experimental
2.1 Preparation of CugSns alloy electrodes

CueSns alloys were galvanostatically deposited on smooth
Cu sheets and rough Cu foils with a current density of

@ Springer

Table 1 Condition of the electrodeposition bath

Reagents Concentration (g L™
SnCl, - 2H,0 20

CuSOy - 5H,0 4

K,P,0, 180

Addition reagent a 1

Addition reagent b 1

Addition reagent ¢ 0.1

0.5 Adm 2. The electrodeposition condition of the

CugSns alloys is stated in Table 1. Before electrodepos-
iting, both of the Cu substrates were pretreated in acetone
and dilute hydrochloric solution to remove the oil and
oxide on the surface. After electrodeposition, the alloys
were dried at 80°C for 24 h under vacuum prior to
assembling them into batteries. The area density of the
CugSns alloys on the rough Cu foils and smooth Cu sheets
were determined at ~1.2 mg cm™ 2 and ~0.5 mg cm™ >
respectively.

2.2 Materials characterization

The morphology of all electrodeposites was analyzed by
scanning electron microscopy (LEO 1530 Field Emission
Scanning Electron Microscope, Oxford Instrument). The
crystal structures of all deposits were examined by X-ray
diffraction (XRD) measurements at room temperature
using an X’pert PRO diffractometer with Cu Ko radiation
(A = 1.5418 A) with the collecting range of 25-90°, and
analyzed using the JCPDS database.

2.3 Electrodes preparation and electrochemical
characterization

Coin-type cells were assembled in an argon-filled dry glove
box using the CueSns alloy as the positive electrode and the
Li metal as the negative electrode. The positive electrode
and negative electrode were electrochemically separated by
membrane (Celgard 2400). The electrolyte was 1 M LiPFg
in a mixture of ethylene carbonate (EC) and dimethyl car-
bonate (DMC) (1:1 by volume, provided by Guotaihuarong,
Zhangjiagang, China). The cells were galvanostatically
charged and discharged at a current density of 50 mA g~ '
over potential range 0.02-1.0 V vs. Li/Li*. Electrochemi-
cal impedance spectroscopy was carried out on a
PARSTAT 2263 (Princeton) using a coin-type cell over a
frequency range 100 kHz to 10 mHz with a signal ampli-
tude of 5 mV.
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3 Results and discussion
3.1 The structure of as-deposited CueSns alloys

Figure 1 shows the XRD patterns of the Cu—Sn alloys on
the smooth Cu sheet (Fig. 1a) and rough Cu foil (Fig. 1b).
Three phases coexist in both of the Cu-Sn alloys, i.e.,
CueSns (JCPDS Card No. 03-065-2303), Sn (JCPDS Card
No. 00-001-09260) and Cu (JCPDS Card No. 00-002-1225,
which may be attributed to the Cu substrate). This indicates
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Fig. 1 XRD patterns of the Sn—Cu alloy electrodes on the smooth Cu
sheet (a), and rough Cu foil (b)

Fig. 2 The SEM images of the
CueSns alloy electrode (a and
b), and after 39 charge/
discharge cycles (¢, d) using the
smooth Cu sheet as the current
collector

that the CugSns alloy can be fabricated by the direct
electrodeposition method.

3.2 The surface morphology characterization
of the CugSns alloy electrodes

Figure 2 shows SEM images of the CugSns alloy electrodes
on the smooth Cu sheet before cycling and after 39 cycles.
Owing to the smooth surface’s inability (Fig. 2a, b) to
provide space to accommodate the volume changes during
charging and discharging, serious random cracks and
exfoliation appear on the electrode surface after 39 cycles
(Fig. 2c, d), which is one of the main reasons for capacity
failure. Figure 3 displays the SEM images of the bare
rough Cu foil and the as-deposited CugSns alloy on the
rough Cu foil. Many small “micro-islands” and “gaps” are
distributed on the surface of the rough Cu foil (see Fig. 3a,
b), which improves the specific surface area as well as
strengthens the adhesion between the Cu substrate and the
deposits. The large specific area improves electrochemical
capacity and the good adhesion guarantees high capacity
retention. After depositing CueSns alloy (Fig. 3c, d), the
electrode surface becomes rougher with many nano-parti-
cles on the surface of each “micro-island”. After initial
lithiation (Fig. 4a, b), the surface structure of the CugSns
alloy electrode becomes smooth with “micro-islands” and
“gaps” disappearing. It is known that large volume
expansion appears during initial lithiation, which causes
active materials to stretch upwards and sideways, resulting
in the “gaps” between the “micro-islands” filling up.

(1)

B
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Fig. 3 SEM images of the
rough Cu foil (a, b), and the
CueSns alloy on the rough Cu
foil (¢, d)

When the CugSns alloy electrode undergoes one cycle
(Fig. 4c, d), the surface structure is split into many “micro-
islands” again, which indicates that the surface structure
can expand and contract reversibly to some extent. When
the CugSns alloy electrode undergoes five electrochemical
cycles (Fig. 4e, f) the surface structure is similar to that of
the CueSns alloy electrode for one cycle. However, there
are no longer obvious “micro-islands” or “gaps” after 50
cycles (Fig. 4g, h). This shows that the electrode surface
structure cannot contract again after many expansions and
contractions. Further, there is no obvious exfoliation of
active materials on the electrode surface and good elec-
tronic contact between the substrate and the CugSns alloy
remains: this ensures the high capacity retention discussed
in the following.

3.3 Charge and discharge characterization
of the CugSns alloy electrodes

The charging/discharging curves of the CugSns alloy
electrode on the rough Cu foil and smooth Cu sheet are
respectively shown in Fig. 5a, b. Both electrodes are cycled
in the potential range 0.02-1.0 V with a current density of
50 mA g~'. From the first discharging curve of the elec-
trode on the rough Cu foil (see Fig. 5a), there are two
obvious plateaus at potentials of ~0.4 and ~0.1 V.
According to the literature and based on our experimental
data, the plateau at ~0.4 V represents the transformation
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of CugSns into Li,CugSns (0 < x < 13), which is ascribed
to formation of Li,CuSn, and the plateau at ~0.1 V rep-
resents the transformation of Li,CuSn into Li,Sn
(2<y<44) [11, 12]. The shape of the discharging
potential curves and the position of potential plateaus
remain similar in the initial five cycles. However, the
discharging/charging potential plateaus are nearly trans-
formed into an oblique line after 20 cycles, which indicates
that the active materials are gradually transformed into
another phase. From Fig. 5b it can be observed that the
discharging/charging curves of the CugSns alloy electrode
on the smooth Cu sheet have similar shape and behavior to
that of the electrode on the rough Cu foil, except that the
capacity degrades more rapidly than that on the rough Cu
foil.

Figure 6 displays the cycleability and coulombic effi-
ciency curves of the CugSns alloy electrodes. The first
discharging and charging capacities of the CugSns alloy
electrode on the smooth Cu sheet are 573 and
459 mAh g~ respectively which, however, degrade rap-
idly to 228 and 206 mAh g~ respectively after 39 cycles.
Also the initial discharging and charging capacities of the
CugSns alloy electrode on the rough Cu foil are 462 and
405 mAh g~ ' respectively, which are lower than that of the
CugSns alloy electrode on the smooth Cu sheet, but they
can retain 70% and 76% of the initial discharging/charging
capacities after 50 electrochemical cycles. It is evident
from Fig. 2 that the CugSns alloy electrode on the smooth
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Fig. 4 SEM images of the
CueSns alloy on the rough Cu
foil after initial lithiation (a, b),
initial delithiation (c, d), five
cycles (e, f), and 50 cycles (g, h)

Cu sheet suffers serious exfoliation after repeated cycling
owing to insufficient space on the surface to accommodate
the volume changes: as a result the capacities decrease
rapidly. In contrast, the “micro-islands” and “gaps” on the
rough CueSns alloy electrode can buffer the volume
expansion of active materials to some extent (see Fig. 4),
and, as a result, the active materials adhere strongly to the
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substrate and provide good electronic contact, which is one
of the main reasons for high capacity retention when
compared with the CugSns alloy electrode on the smooth
Cu sheet. Figure 6 also gives the coulombic efficiencies of
both of electrodes. The initial coulombic efficiency of the
CueSn;s alloy electrode on the rough Cu foil (88%) is higher
than that on the smooth Cu sheet (80%).
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Fig. 5 Charge/discharge (a) (b)
profiles of the CugSns electrode 20F —1
with rough Cu foil (a), and é\ ~
smooth Cu sheet (b), as current + 16r ﬁ
collector at the current density *j 3
of 50 mA g~ in the potential = 12r ¢
range of 0.02-1.0 V < =
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contribution from SEI film impedance because there is no
O 1 1 1 1 1 O . . . .
0 10 20 30 40 50 obvious change detected during the entire negatively
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Fig. 6 Discharge (O) and charge (@) capacity of the CugSns
electrode on the rough Cu foil, and discharge (M) and charge (OJ)
capacity of the CugSns electrode on the smooth Cu sheet, and
coulomb efficiency of the CugSns electrode on the rough Cu foil (A)
and smooth Cu sheet (V)

3.4 Electrochemical impedance spectroscopy
characterization of the CueSns alloy electrode
on the rough Cu foil

Electrochemical impedance spectroscopy (EIS) is one of
the most promising tools for modelling and diagnosis of
interfacial reactions. It can even analyze the sources of
battery impedance and identify battery failure using an
appropriate equivalent-circuit model. The shape and value
of the resistance in the impedance spectra were found to be
strongly affected by solvents, particle size, thickness of
electrodes and stack pressure.

To study the interfacial performance of the CugSns alloy
electrode on the rough Cu foil, the electrochemical
impedance spectra (Nyquist representation) were examined
and are shown in Fig. 7. The graph obtained before lithi-
ation (Fig. 7a) shows a high frequency (HF) arc and a
slightly inclined line in the low frequency (LF) region,
which represents the blocking character of the non-lithiated
electrode at the equilibrium electrode potential. When the
electrode potential is negatively polarized to the lithiated
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polarized process, which is the most important character of
SEI impedance [19]. When the potential of the CugSns
alloy electrode is negatively polarized to 0.45 V (see
Fig. 7b), a new arc appears in the medium frequency
region, which can be attributed to the impedance of charge
transfer during lithiation. When the electrode potential is
negatively polarized to 0.375 V, the diameter of the MF arc
begins to become smaller, indicating insertion of a large
amount of lithium ions. This phenomenon can be proved in
the initial discharging curve as illustrated in Fig. 5a, in
which the main lithiation (discharging) process occurs at
~0.4 V. Meanwhile, the inclined straight line in the low
frequency region is transformed into a large arc in the
potential range 0.375-0.35 V, and, as a result, three
impedance arcs appear in the Nyquist plots. Three
impedance arcs can also be observed in the Nyquist plots of
LiCoO,, LiMn,O, and other electrode materials during
lithiation or delithiation. Zhuang et al. [20] attributed this
phenomenon to the appearance of electronic impedance
because their systems were semiconductors. However, for
our system, this new arc cannot be attributed to electronic
impedance because the CugSns alloy electrode has high
electronic conductivity.

It is evident from Fig. 5a that there appears one phase
transformation process from CugSns to LiCugSns
(0<x<13) at ~04 V with large volume expansion.
Owing to large differences between the physical/chemical
properties of the CugSns phase and that of the Li,CugSns
(0 < x < 13) phase, two independent time constants for
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Fig. 7 Evolution of impedance spectra (Nyquist representation) of the CugSns alloy electrode on the rough Cu foil during the first lithiation

lithium-ion transference in the two phases appear and, as a
result, a new arc is detected in the low frequency region in
the Nyquist plots.

Based on the above analysis and according to the liter-
ature [21-24], this new arc can be attributed to phase
transformation from the CugSns phase to the Li,CugSns
(0 < x < 13) phase. However, for LiCoO,, LiMn,0,4 and
other electrode materials, although there is also phase
transformation during lithiation or delithiation, the physi-
cal/chemical properties of the co-existing phases are
similar, so the impedance arc associated with phase
transformation cannot be observed in the Nyquist plots. It
is interesting that the LF arc transforms into one inclined
straight line again as the electrode potential is negatively
polarized below 0.325 V (see Fig. 7c). It is noted from
Fig. 5a that the phase transformation becomes less obvious
when the potential is below 0.325 V, so the LF arc trans-
forms into one inclined straight line. However, when the
potential is decreased to 0.05 V, the LF arc appears again.
From Fig. 5a there appears another phase transformation
process from Li,CuSn into LiySn (2 <y < 4.4) in this
potential region, which causes a LF arc to again appear in
the Nyquist plots.

4 Conclusions

CueSns alloy electrodes were successfully fabricated by
electrodeposition using rough Cu foils and smooth Cu
sheets as the current collectors. Their structure, morphol-
ogy and electrochemical performance were examined by
XRD, SEM, galvanostatic charging/discharging testing and
electrochemical impedance spectroscopy. The as-deposited
Cu-Sn alloys were determined as the intermetallic com-
posite of CugSns with impure phases of Sn and Cu using
XRD analysis. The rough surface of the CueSns alloy
electrode was shown by SEM to be able to accommodate
the volume changes during lithiation/delithiation, and
provide good electronic contact between the substrate and
the active materials, ultimately improving capacity reten-
tion compared with that of the CugSns alloy electrode on
the smooth Cu sheet. The interfacial performance of the
CueSnjs alloy electrode on the rough Cu foil was analyzed
by electrochemical impedance spectroscopy. A low fre-
quency arc demonstrating phase transformation was
detected in the Nyquist plots during initial lithiation and its
evolution was shown to be consistent with that of charging/
discharging curves.
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