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Fig. 1. (Color online) Schematic diagram showing the electrochemical lithiation of
ultrasmall Cu nanocrsytals to form amorphous CuLix alloys.
Amorphous metallic alloy (also known as metallic glass) was
firstly discovered in the 1960s as a ‘‘young” member of the amor-
phous material family [1]. Their unique metastable disordered
structure imparts metallic glasses many fascinating properties
and features such as high elasticity and high strength, excellent
wave-absorption ability and ultralow elastic moduli [2,3]. In gen-
eral, the formation of an amorphous alloying phase requires a rel-
atively large negative heat of mixing between the constituent
elements, such that they have got the tendency to spontaneously
alloy on atomic scale due to the reduction of Gibbs free energy
upon intermixing [4]. The systems with heat of mixing being near
zero or even positive, however, is an ‘‘immiscible” systems, for
which the formation of the amorphous alloying phase is difficult
to achieve [5]. Cu-Li is a well-known immiscible system, which
means that Cu and Li have little tendency to spontaneously alloy
on atomic scale in thermodynamic equilibrium [6]. It is for this rea-
son that Cu foils are widely used as the anodic current collectors in
worldwide lithium ion batteries, to ensure that the current collec-
tor does not undergo electrochemical lithiation during battery
cycling [7,8]. However, in a very recent in-situ transmission elec-
tron microscopy (TEM) study [9], Dr. Muhua Sun, Prof. Wenlong
Wang and Prof. Xuedong Bai from the Institute of Physics, Chinese
Academy of Sciences, show that ultrafine Cu nanocrytallines can,
unexpectedly, be electrochemically lithiated to form amorphous
alloying phases (Fig. 1).

The researchers constructed a nanoscale Li/Li2O/CuO solid-state
electrochemical cell inside TEM with a single CuO nanowire as the
working electrode. The electrochemical lithiation of CuO first
results in the formation of ultrafine Cu nanocrystals (CuOþ Liþþ
e� ! Cuþ Li2O) with sizes centered on 2–5 nm regions, which are
uniformly dispersed in the insulating Li2O matrix to form
percolation conductive channels. With further lithiation, the newly
generated ultrasmall Cu nanoparticles undergo solid-state amor-
phization reaction to form amorphous CuLix nanoalloys
(Cuþ Liþ þ e� ! CuLix). Based on in-situ TEM observations, the
detailed nanocale dynamics and kinetic behaviors of Cu-Li solid-
state amorphization are revealed.

The occurrence of the electrochemical alloying and amorphiza-
tion in immiscible Cu-Li binary system can be understood by the
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size effect. For ultrasmall Cu nanocrsytals, a substantial increase
in surface energy will significantly enhance the reactivity, which
triggers the formation of a CuLix alloying phase. It is the nanoscale
size effect that constitutes the thermodynamic basis for driving the
electrochemical lithiation and amorphization processes in such an
immiscible system, while the heat of mixing is no longer the
decisive factor. The critical size of Cu nanoparticles is measured
to be �6 nm, above which Cu cannot alloy with Li. In addition,
the ‘‘dealloying” by electron beam irradiation was also observed,
suggesting that the amorphization process of Cu-Li alloy is
intrinsically reversible.

Amorphous alloying in the immiscible Cu-Li system gives us
an important clue to understand the thermodynamic behavior
of the solid-state reaction via non-equilibrium process, espe-
cially in those nanoscale systems with pronounced size effect.
In addition, this study fully exploits the advantages of in-situ
TEM observations, i.e., real-time with millisecond temporal res-
olution, atomic-scale spatial resolution, and capability to corre-
late the structure and properties at nanometer scale. Such
state-of-the-art methodology provides a truly unique and pow-
erful tool to analyze, with unprecedented details, the charac-
teristics of solid-state phase transformations not only in the
battery field but also in fields of solid-state physics and
chemistry with respect to material processing, catalysis, ionic
conductors, phase-change, and dielectric-based resistive
memories.
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