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A CusSn film electrode (thickness = ca. 3 um) is prepared by DC magnetron sputtering deposition of Sn on
Cu substrate and subsequent annealing at 300 °C for 30 h. At 25 °C, this Cu-Sn binary intermetallic com-
pound is inactive for lithiation, but becomes active at elevated temperatures due to facilitation of Cu-Sn
bond cleavage for the conversion-type lithiation. The lithiated product at 120 °C is the most Li-rich Li-Sn
alloy (Li;7Sn4). Upon de-lithiation, the Cu-Sn intermetallics of different compositions are generated by
the reaction between the metallic Sn that is restored from Li;7Sn4 and the idling metallic Cu. The nature of
the resulting intermetallics is dependent on the de-lithiation temperature: Cu;oSns at 120°C and CugSns
at 25°C. Only the latter is active for lithiation in the subsequent room-temperature cycling. That is, CuzSn
is thermo-electrochemically activated to be CugSns by lithiation at 120 °C and subsequent de-lithiation
at 25°C. The higher lithiation activity observed with the more Sn-rich phase (CugSns) compared to the
initial one (CusSn) has been accounted for by the higher equilibrium lithiation potential (thermodynamic
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consideration) and smaller number of Cu-Sn bonds to be broken (kinetic consideration).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The Li-alloying materials (for instance, Si and Sn) have
attracted much attention as one of the promising alternatives
to the carbon-based negative electrodes for lithium-ion batter-
ies. Their theoretical capacity (Li;5Sis: 3579 mAh g1 and Li;7Sn4:
960 mA hg1) is much higher than that of already-commercialized
graphite (372mAhg-1). One of the critical problems encountered
with these Li-alloying electrodes is, however, the massive volume
change evolving during the alloying and de-alloying reaction with
Li. The repeated volume change frequently leads to a pulverization
of the Li-alloying materials themselves and break-down of the elec-
trically conductive network within the electrode layers [1-3]. To
overcome or at least alleviate this volume-change problem, at least
two approaches have been made. First, the Li-alloying materials are
loaded into the electrode layers as nano-sized powders [3-7]. The
underlying idea for this nano-size approach is that the pulveriza-
tion can be alleviated since the absolute volume change becomes
smaller by virtue of a decrease in the particle size. This nano-size
approach is, however, partially successful in that such small parti-
clesare aggregated to be larger ones during alloying and de-alloying
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period, then pulverized again [8,9]. The second approach is to for-
mulate the Li-alloying materials into active/inactive intermetallic
compounds (AB), where A is the Li-alloying materials (Si, Sn, Sb, Al,
Ga and In) and B is the metallic components that are inactive for
lithiation reaction (Cu, Fe, Ni, Co, Ti, and Mn) [5,10-19]. Recently,
an excellent review on the active/inactive intermetallic compounds
has been provided in Ref. [19]. The key idea for this approach is that
the inactive metallic component (B) plays a buffering role against
the massive volume change encountered in the active component
(A).Indebted to this buffering role, the cycle performances of the Li-
alloying electrodes can be improved in many binary intermetallic
compounds [10-18]. Nonetheless, the previous literatures com-
plain that the active components (Li-alloying materials) are still
inactive for lithiation or show a much lower capacity than the the-
oretical values at room temperature, even if they are formulated
into binary intermetallic compounds; CuzSn [13,20], CusSi [21],
NixSi [22] and Al-M (M =Cr, Fe, Mn and Ni) [23,24]. Such a slow
kinetics seems to be due to a high activation energy needed for
A-Bbond cleavage since the active components (A) can be lithiated
after the bond cleavage. A simple measure to enhance the lithiation
activity of these materials may thus be the elevation of working
temperature.

In our previous work [25], the last approach has been tested on
a Cu-In binary intermetallic compound (Cu7Ins3) that is inactive for
lithiation at room temperature. As expected, the CuyIns electrode
showed a lithiation behavior at elevated temperatures (55-120°C).
Namely, CuyIn3 was converted, upon lithiation, to a mixture of
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Fig. 1. XRD pattern obtained with the CusSn film electrode. The XRD pattern is
indexed with CusSn (PDF# 00-001-1240).

nano-sized metallic Cu and In grains through the Cu-In bond cleav-
age, and the resulting In component was lithiated. Two important
observations were made there. First, the more In-rich phase (Culn)
was generated upon de-lithiation through the reaction between the
inactive Cu and elemental In that was restored from the lithiated
In phases (LixIn). Second, the as-generated Culn phase was then
active for lithiation at room temperature. This phenomenon has
been named “thermo-electrochemical activation” since the room-
temperature inactive phase (Cu;Ins3) is converted to an active one
(Culn) by electrochemical reaction at elevated temperatures.

This work is an extension of the previous one. Here, thermo-
electrochemical activation of Cus3Sn, which is also inactive for
lithiation at room temperature, is examined with three major con-
cerns in mind: (i) if the room-temperature inactive CusSn phase
becomes active at elevated temperatures or not, (ii) if this binary
intermetallic compound is thermo-electrochemically activated or
not, and (iii) if this is the case, which Cu-Sn phases are generated
by the thermo-electrochemical activation.

2. Experimental

The CusSn film electrode was prepared by DC magnetron sputtering of Sn
(99.99%, Applied Science Corp.) on a piece of Cu foil (thickness =25 pm) and anneal-
ing at 300°C for 30h under vacuum. The deposition was made under an Ar
atmosphere (5.0 mTorr). The thickness of CusSn layer, estimated by field-emission
scanning electron microscopy (FE-SEM, JEOL JSM-6700F), was 3 + 0.3 wm when the
power was 0.94 kW and the sputtering time was 60s.

A coin-type electrochemical cell (2032-type) was fabricated using Li foil as the
counter electrode and a glass fiber sheet as the separator. The used electrolyte was
1.0 M LiBOB (lithium(bis)oxaloborate) dissolved in GBL (y-butyrolactone). Galvano-
static discharge/charge cycling was made at a current density of 100 mA gs, ! in the
potential range of 0.0-2.0V (vs. Li/Li*). Here, the current density was calculated on
the basis of the weight of Sn in CuzSn.

Phase transitions evolved during the thermo-electrochemical activation were
traced by using X-ray diffraction (XRD) analysis. The XRD patterns were obtained
using a Rigaku diffractometer equipped with a CuKa radiation (A =1.541A). For
the XRD analysis, the cells were disassembled and the Cus;Sn film electrodes were
washed with dimethyl carbonate (DMC) and dried. The samples were sealed with a
beryllium window, the backside of which was sealed by kapton tape in an Ar-filled
dry box to avoid air contact.

Cycling performance of the thermo-electrochemically activated CusSn elec-
trodes was compared with that of a pure Sn film electrode. The Sn film was sputter
deposited on Mo substrate that is not alloying with Sn. The deposition time was
extended to 150s to obtain a comparable weight of Sn on the Mo substrate to
that on the Cu foil. The weight of Sn was determined by weighing the electrodes
before and after the Sn deposition. In this report, lithiation was expressed as dis-
charging, whereas de-lithiation as charging based on the standard lithium-ion cell
configuration.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) pattern obtained with
the CuzSn film electrode prepared by the DC magnetron sputtering.
The diffraction peaks belonging to metallic Cu are easily recognized.
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Fig. 2. The first galvanostatic discharge-charge voltage profiles obtained with
CusSn/Li cell as a function of working temperature. Voltage cut-off=0.0-2.0V (vs.
Li/Li*). Current density =100 mA gs, .

The other diffraction peaks are well-matched with those for CusSn,
except that the relative peak intensity is somewhat different to that
of the powder samples, probably due to a preferred orientation of
Cus3Sn grains [26].

The first concern in this work is to see if or not the room-
temperature inactive CuzSn phase becomes active at elevated
temperatures. The galvanostatic discharge (lithiation) and charge
(de-lithiation) voltage profiles obtained with the Cu3Sn/Li cell are
presented in Fig. 2, in which the working temperature is indicated
in the inset. At 25°C, the cell shows a negligible lithiation activ-
ity in accordance with the previous report [13]. When the working
temperature is raised, however, the lithiation reaction is indeed
occurring. The lithiation capacity becomes larger with an increase
in the working temperature to deliver a value of 1050 mAh gs,~!
at 120°C. Three features should be noted in Fig. 2. First, the lithia-
tion voltage profiles obtained at the elevated temperatures show a
long plateau near 0.0V (vs. Li/Li*), which is the characteristic fea-
ture for the conversion-type lithiation reaction [27]. This illustrates
that the Cu-Sn bonds in Cu3Sn are broken for the Sn component
to be lithiated. Second, the lithiation voltage plateau at 120°C (ca.
0.2V vs. Li/Li*) appears earlier than that observed at 55°C (ca.
0.05V), reflecting that the overpotential required for the Cu-Sn
bond cleavage is smaller at higher temperature. Third, at least three
voltage plateaus are discernable in the de-lithiation voltage pro-
file obtained at 120°C. Given that the similar voltage plateaus are
observed with pure Sn electrodes [28], it is sure that the Li-Sn alloys
(LixSn) are formed upon lithiation and they are de-lithiated with
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Fig. 3. Thermo-electrochemical activation behavior of the CusSn film electrode. Voltage cut-off=0.0-2.0V (vs. Li/Li*). Current density =100 mA gs, . Note that only the
sample activated by HR scheme at 120°C/25 °C (d) shows a lithiation activity at room temperature.

the characteristic voltage plateaus. In short, the room-temperature
inactive CusSn electrode becomes active for lithiation since the
Cu-Sn bond cleavage is facilitated by raising the working temper-
ature.

The second concern in this work is to see if the CusSn elec-
trode is thermo-electrochemically activated or not. To test this
possibility, the activation is tried by two schemes and the room-
temperature lithiation activity is examined thereafter. In the first
activation scheme, lithiation is made at elevated temperatures
but de-lithiation at room temperature (HR scheme). In the other
scheme, both lithiation and de-lithiation are made at elevated
temperatures (HH scheme). When the CusSn film electrode is
lithiated/de-lithiated at 55°C (dotted line in Fig. 3a), it does not
show any lithiation activity in the subsequent room-temperature
cycling (solid line in Fig. 3a). The Cu3Sn film electrode that is lithi-
ated at 55°C and de-lithiated at 25 °C also gives negligible activity
in the forthcoming lithiation period at 25 °C (Fig. 3b). The electrode
activated according to the HH scheme at 120 °C still does not show
any activity at room temperature (Fig. 3c). Only the CusSn electrode
lithiated at 120°C and de-lithiated at 25 °C shows a lithiation and
de-lithiation activity at room temperature (Fig. 3d). That is, only
the last trial is successful for thermo-electrochemical activation.

It is curious that the HR scheme made at 120°C/25 °C works for
the activation (Fig. 3d), but the HH scheme made at 120°C/120°C
does not (Fig. 3c). To solve this, the phase evolution occurring in the
activation period is traced by using XRD technique. Fig. 4a presents
the voltage profiles obtained with the two activation schemes, in
which the points where the XRD measurements were made are
indicated. The XRD pattern obtained after the Cus3Sn electrode
is lithiated down to 0.0V at 120°C (i) is shown in Fig. 4b. The
diffraction peaks are well matched with those of Li;7Sn4 (Lig255n),
indicating that the Sn component in CusSn is lithiated up to the
most Li-rich phase. The most Li-rich Li-Sn alloy was once con-
sidered as Lip;Sns (Liz4Sn), but fixed as Lij7Snyg (Lig5Sn) by the
later re-examination [29]. The following conversion-type lithiation
reaction can thus be assumed at 120°C:

4CusSn + 17Li* +17e~ — Lij7Sng +12Cu 1)

The phases evolved after the HH scheme at 120°C give some
sharp and distinct diffraction peaks (ii), whereas the HR scheme

gives some weak and broad peaks (iii). The phases generated at (ii)
and (iii) are not identical since the XRD patterns differ to each other.
Identification of these two phases is difficult since the number of
diffraction peaks is limited and the peaks are broad. Another dif-
ficulty in phase identification is that the phase evolution may be
incomplete or controlled by kinetic variables (current density and
upper cut-off voltage) since the samples are cycled in a transient
(dynamic) condition. To overcome this, the electrode potential was
held at (ii) and (iii) for two days to obtain the quasi-equilibrium
phases. The quasi-equilibrium phases evolved at (ii) and (iii) turn
out to be CuyoSns (Fig. 5a) and CugSns (Fig. 5b), respectively. These
XRD patterns are not far different to those obtained under the tran-
sient condition (Fig. 4b). Namely, the three most intense peaks
at 24.0°, 42.2° and 61.9° on (ii) in Fig. 4b also appear in Fig. 5a.
The most intense peak at 30.1° in Fig. 5b is also found at (iii) in
Fig. 4b. The absence of other diffraction peaks and mismatches in
the peak intensity may be caused by an incomplete phase forma-
tion in the transient experiment (Fig. 4). The XRD data obtained
at (iv) is also displayed in Fig. 4b. The broad peak at 19-24° in
(iv) can be correlated with the three peaks located at the same
region in (i), whereas the broad peak at ca. 38° in (iv) corre-
sponds to that appeared at the same angle in (i). This illustrates
that the lithiated phase evolved at (iv) in Fig. 4a is the same as
that generated at (i). That is, the electrochemically activated elec-
trode is also lithiated to the most Li-rich phase (Li;7Sn4) at room
temperature.

A question arises as to why the Cu-Sn intermetallic phase
generated by HR scheme (CugSns) is active for lithiation at
room temperature (Fig. 3d), while that generated by HH scheme
(Cuq0Sn3) is not (Fig. 3c). The answer may be found from the fact
that the former is more Sn-rich than the latter. A literature survey
on the binary intermetallic compounds (AB, where A is the Li-
alloying materials and B is the inactive metallic component) reveals
that the more A-rich compounds show a higher lithiation activ-
ity [30-33]. For instance, the lithiation activity increases with an
increase in the In content in the Cu-In and Ni-In binary intermetal-
lic compounds [25]. The lithiation activity shows the following
increasing order; CuyInz <Cuqqlng <Culn and NisIn<NiyIn3z. This
observation can be rationalized on the basis of both thermodynamic
and kinetic considerations. The equilibrium lithiation potential can
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Fig. 4. (a) Galvanostatic discharge-charge voltage profiles with the points where XRD measurements were made. (b) XRD patterns obtained at the points shown in (a). The
diffraction peaks obtained at (i) are indexed with those of Li;7Sn4 (PDF# 01-070-9404).

be expressed by Eq. (2).

AG}’(ABX)
TRF 2

Here E{ and Ej are the equilibrium lithiation potentials for
pure A and ABy intermetallic compounds, respectively. The free
energy formation (AG}’) has a negative value for ABy, such that
E9 > E5. This indicates that the lithiation of ABy intermetallic com-
pounds is thermodynamically less favored than that for the pure
active A. When the equilibrium lithiation potentials are compared
for ABy intermetallic compounds of different composition, the more
A-rich ones show more positive values as they have less negative
AGJ? per mole of ABx [23,34], such that the lithiation is thermo-
dynamically more feasible with the more A-rich ones. From a

ES:E?—‘,—
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50
20 [ degree

Fig. 5. The XRD patterns obtained after the electrode was held at 2.0V for two days
at (ii) and (iii) in Fig. 4a. The diffraction peaks are indexed with those of CuyoSns
(PDF# 00-026-0564) and CugSns (PDF# 00-045-1488).

kinetic consideration, the more A-rich intermetallic compounds
should have higher reactivity because they have fewer A-B bonds
to be broken. That is, the extreme of A-rich intermetallic com-
pound (pure A, pure Sn in this work) does not have A-B bonds
to be broken, thereby it shows a higher lithiation activity than
ABy intermetallic compounds (Cu3Sn, Cu;gSns and CugSns in this
work).

Finally, the cycle performance of thermo-electrochemically acti-
vated CusSn electrode is compared to that of a pure Sn electrode at
room temperature (Fig. 6). As seen, the thermo-electrochemically
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Fig. 6. The room-temperature (25 °C) cycle performance observed with the thermo-
electrochemically activated CusSn (actually CugSns) and the pure Sn electrode. For
comparison, the weight of deposited Sn was controlled to be the same for both
electrodes. Current density =100 mA gs, .



J.Y. Kwon et al. / Journal of Alloys and Compounds 509 (2011) 7595-7599 7599

activated electrode (CugSns) shows a better cycling performance
compared to the pure Sn electrode. The pure Sn electrode fails
within a few cycles, which must be due to a pulverization of Sn
and break-down of electrically conductive network. The better
cycle performance observed with the thermo-electrochemically
activated electrode (CugSns) must be indebted to the presence of
Cu that serves as a buffer against the volume change of the Sn
component.

4. Conclusions

Thermo-electrochemical activation behavior of Cu3Sn film elec-
trode is examined with three major concerns in mind. The following
points of value may be gleaned on the three issues raised in Intro-
duction section.

(i) A CusSnfilm electrode is prepared on Cu substrate. This binary
intermetallic compound is inactive for lithiation at room tem-
perature, but becomes more active with an increase in the
working temperature.

(ii) The Cus3Sn phase is converted to Li;7Sng upon lithiation at
120°C, which is the most Li-rich phase in Li-Sn system. When
the electrode is de-lithiated at 25 °C, the CugSns phase is gen-
erated by the reaction between the restored Sn and idling Cu.
The resulting CugSns phase now shows a high lithiation activ-
ity even at room temperature. That is, the room-temperature
inactive CuzSn phase is converted to the active CugSns by the
thermo-electrochemical activation.

(iii) The CugSns phase shows a higher lithiation activity than CusSn.
This is consistent with the previous observation, in which the
lithiation activity is higher with an increase in the active com-
ponent (A) in A-B intermetallic compounds.
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