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a b s t r a c t

Although a variety of cathode and electrolyte materials have been studied and commercialized over
the past two decades, nearly all commercial cells have used a graphitic carbon anode. Several reasons
exist for this choice—including cost, low insertion voltage, and ease of use in the cell manufacturing
process. However as uses for lithium-ion batteries expand, alternative anodes that may offer better energy
and power capability are being explored. For transportation-oriented purposes, anodes based on simple
lithiated Zintl compounds, e.g. Li17Sn4, or intermetallic insertion anodes offer significant advantages in
capacity (volumetric and gravimetric) and stability in the cell environment that make them attractive
candidates for future cell chemistries. Within this context, little however is known about how these
alternative anode materials perform as a function of temperature, which is important for applications
where operation at temperatures as low as −30 ◦C can be expected. In this study we evaluated a series of
intermetallic insertion anodes that operate by a simple metal displacement mechanism. We have found
that for Cu6Sn5, Ag/Cu6Sn5, and Cu2Sb, the drop-off in performance with temperature is in line with that
observed for a commercial graphite-based anode and indicates that additional variables such as cation
diffusion through the electrode passivation film or the electrochemical double layer may be playing an
important role that is independent of the underlying anode material. We additionally characterized the
NiAs-type mineral Sorosite (CuSn0.9Sb0.1), as various literature reports had indicated that substitution of
antimony for tin eliminated the need for interstitial copper, however powder X-ray diffraction studies of
samples made by annealing or high energy ball milling indicated mixed phase samples.

© 2011 Published by Elsevier B.V.

1. Introduction

As lithium-ion batteries expand into more markets, require-
ments for the battery and the environment they operate in
will change to meet the new demands. Among the most dis-
cussed new markets for Li-ion batteries are electric vehicles (EVs),
hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles
(PHEVs). Besides requirements for power and energy, the abil-
ity for the battery to work over a wide temperature range has
been identified as an important variable requiring optimization
[1]. For automobiles, manufacturers have proposed that the bat-
tery used be required to operate over the temperature range from
−30 ◦C to 52 ◦C. Either temperature extreme has unique prob-
lems associated with it that can lead to shortened lifetimes or
battery failure. For state of the art systems based on a graphitic
carbon anode, higher cycling temperatures produces problems
that lead to poor cycling performance including destabilization

∗ Corresponding author. Tel.: +1 630 252 8885.
E-mail address: vaughey@anl.gov (J.T. Vaughey).

of the surface electrolyte interphase (SEI) layer, electrolyte salt
breakdown, changes in lithium transport kinetics, and increased
surface reactivity [2–6]. To combat these problems electrode coat-
ings deposited before lamination and electrolyte additives that
polymerize to a protective film at a specific voltage have been
used to stabilize and control the interface between the elec-
trolyte and active electrode to enable the use of graphitic carbons
[2]. However at low temperatures, electrolyte constituent stabil-
ity issues have not been implicated as the cause of the cycling
problems, instead aspects of the lithium cation diffusivity and sta-
bility of the electrode/electrolyte interface have been postulated
as sources of cell failure [5–12]. Whereas electrolyte formula-
tions that work well at low temperatures have been reported,
notably by the aerospace industry, most have been optimized
for slow discharge applications which may not be transferable to
the transportation sector where power requirements are higher
[7–9,11].

Most variable temperature electrode studies in the literature
have focused on commercialized intercalation anodes, such as
graphite or the spinel Li4Ti5O12 [13]. However several alterna-
tive anode systems, including ones based on alkali metal Zintl
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Fig. 1. SEM images of the (a) Ag-coated Cu6Sn5 sample, and (b) high energy ball milled Cu2Sb.

compounds, metal oxide displacement, and intermetallic inser-
tion reactions, are under investigation for the next generation of
lithium-ion batteries. Of these alternatives, intermetallic insertion
anodes, systems that reversibly store lithium in the form of ternary
lithium intermetallic compounds, have been shown to have capac-
ities up to twice that of graphitic carbon in approximately one
half the volume while maintaining a low insertion voltage. This
high volumetric capacity is useful for devices where space is at
a premium. A representative example of this class of materials is
the intermetallic compound Cu6Sn5, a superstructure type in the
NiAs–Ni2In family of compounds [14,15]. Experimental and theo-
retical studies show that on initial charge (lithiation down to 0.5 V)
the compound inserts approximately 3 lithium cations topotac-
tically to form Li3[Cu6Sn5], also on the NiAs–Ni2In line. Further
lithiation (down to 0.3 V) results in a two-phase plateau with for-
mation of Li2CuSn (Cu2MnAl-type) with displacement of 16% of the
copper to the grain boundaries. Further lithiation results in copper
displacement and isolation of LixSn Zintl phases [16]. Charging the
samples (removing lithium) results in re-formation of the Li2CuSn
intermediate initially and eventually Cu6Sn5, although a point in
the solid solution, e.g. (Cu6−xLix)Sn5, cannot been eliminated as a
possibility [17]. The copper needed for Cu6Sn5 re-formation at top
of charge is thought to come from a combination of the copper
displaced to the grain boundaries and the copper current collec-
tor (corrosion), as well as formation of a defect structure that may
still contain residual lithium [17–19]. For intermetallic insertion
anode materials, high reversible capacities have been observed at
room temperature, however there are no reports on the effects of
temperature on cycling. In this study we have assessed the vari-
able temperature performance of several intermetallic insertion
anode materials where lithium storage mechanism is based on
reversible metal displacement. In this way we hope to get a bet-
ter understanding of how the reverse reaction, re-incorporation of
the displaced metal into the structure, is affected by the changes
that occur in the electrochemical cell as the temperature is low-
ered. A key factor, when comparing to graphite anodes, is the
ability of the lithium to be transported across the SEI layer and
into the negative electrode. The solid-electrolyte-interphase (SEI)
layer is a type of passivation layer formed on the surface of the
electrode at low voltages by the reaction of the negative elec-
trode and the electrolyte components. In general the SEI layer on
intermetallic anodes is richer in inorganic salts and contains less
organic salts and electrolyte-derived oligomers than those found
on graphite [20–22]. It has been speculated that these organic
oligomers are better at conducting lithium than the inorganic
salts as the temperature is lowered and thus poorer electrode
performance should be expected [20]. In this study, the vari-
able temperature rate capability of Cu6Sn5, Cu2Sb, and Ag-coated
Cu6Sn5 electrodes was evaluated and compared to a commercial
graphitic carbon.

2. Experimental details

2.1. Materials synthesis

The intermetallic compound Cu6Sn5 was obtained from Polystor Corp., and was
used as received. Silver coated Cu6Sn5 was made by a variation of the analytical
Tollen’s test used to detect aldehydes. A sample of Cu6Sn5 was suspended in an
aqueous solution of AgNO3 (5 wt% relative to alloy). While being stirred vigorously,
a stoichiometric excess of formaldehyde was added to the solution resulting in the
instantaneous reduction of the silver ions to metallic silver which adheres primarily
to the surface of the suspended alloy particles. Cu2Sb was prepared by the reaction
of a stoichiometric mixture of the elements using a high energy ball mill (HEBM)
as previously reported [23]. Each of the alloys was characterized by SEM, powder
XRD, and electrochemical methods prior to use. Fig. 1 shows the scanning electron
micrographs (SEM) of the alloys. Fig. 2 shows the powder X-ray diffraction patterns
of Cu6Sn5 and Ag-coated Cu6Sn5. A series of materials based on the reported Sorosite
formulation CuSn1−xSbx (0 < x < 0.12) were synthesized by either direct reaction of
the elements at high temperature (800 ◦C) under an inert atmosphere followed by
mechanical grinding or by high energy ball milling (HEBM) of the elements [24,25].
The synthetic graphite powder MAG10 (Hitachi Powdered Metals Co. Ltd.) was used
as received in this study as our graphite anode for comparison [12].

2.2. Electrochemical testing

Variable temperature rate evaluations were performed using 2032-type cell
hardware (Hohsen) and a lithium metal anode (FMC lithium). The electrolyte was
1.2 M LiPF6 in EC/EMC (3:7). The battery-grade electrolyte was purchased from
Tomiyama Pure Chemical Industries (Tokyo, Japan) and analyzed by Karl Fischer
titration to contain less than 20 ppm moisture. All cell preparations were handled
in an argon-atmosphere glovebox maintained at <1 ppm water and <5 ppm oxy-
gen. Active material laminates were made using 80 wt% active materials, 10 wt%
polyvinyl difluoride (PvDF) binder, and 10 wt% acetylene black [23]. Before use lami-
nates were dried at 65 ◦C in a vacuum drying oven to ensure no moisture was trapped
in the pores of the electrode. Capacity and power capability were determined at
30 ◦C, 0 ◦C, and −30 ◦C.

3. Results and discussion

3.1. Insertion mechanism

As commercial markets for lithium-ion batteries increase, the
conditions the cells operate under will vary significantly depend-

Fig. 2. XRD patterns of the Ag-coated and uncoated Cu6Sn5 alloy samples.
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