
Electrochemically-driven solid-state amorphization
in lithium–metal anodes

Pimpa Limthongkula, Young-Il Jangb, Nancy J. Dudneyb,
Yet-Ming Chianga,*

aDepartment of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
bCondensed Matter Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Abstract

As lithiated–metal alloys such as Li–Si or Li–Sn are of great interest as high energy density anodes for Li-ion rechargeable batteries, a

fundamental understanding on how the metals behave upon lithiation is important. X-ray diffraction and HREM experiments in this work

reveal that the crystallization of equilibrium inter-metallic compounds (e.g. Li–Si) is inhibited during lithiation at room temperature, and that

formation of highly lithiated glass instead occurs. This glass is shown to be metastable with respect to the equilibrium crystalline phases. We

show that the mechanism of electrochemical alloying is electrochemically-driven solid-state amorphization (ESA), a process closely

analogous to the diffusive solid-state amorphization (SSA) of thin films. Experimental results on the diffusive reaction of Li and Si bilayer

films support the proposed mechanism.

# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Metal-based anodes have received much interest as alter-

natives to carbon for lithium-ion rechargeable batteries due

to their intrinsically high gravimetric and volumetric capa-

city [1–5]. Although the basic thermodynamics and electro-

chemistry of most of the simple alloys are known, [6,7] the

fundamental material response at the micro- and nano-

structural scales upon electrochemical cycling remains

poorly understood.

Fracture, dislocation damage, and phase transformations

are commonly observed in both cathodes and anodes sub-

jected to electrochemical cycling in lithium-ion battery

systems. Fracture can nominally be attributed to electroche-

mically-induced strain, and occurs in both intercalation

oxides [8] and metal anodes [9]. However, metal anodes

have been observed to undergo increased disorder at the

atomic level upon electrochemical cycling [10–13], the cause

of which has not yet been understood. In this paper, we

provide direct observations of such disordering in lithiated

metals with a focus on Si, using calibrated X-ray diffraction

(XRD) studies and high resolution electron microscopy

(HREM). A new mechanism—electrochemically-driven

solid-state amorphization is proposed to explain this trans-

formation from crystalline to disordered phases. Supporting

evidence is also demonstrated in a conventional Li–Si

bilayer.

2. Experimental procedure

Electrodes for electrochemical testing were prepared by

mixing an electrochemically active Si (�325 mesh, 99.5%

Alfa Aesar) and a non-reactive internal standard of fine

nickel powder (0.08–0.15 mm, 99.8% Alfa Aesar) with

polyvinylidene fluoride binder, PVDF (534,000 Mw,

Aldrich) in a 6:3:1 weight ratio, using g-butyrolactone

(þ99%, Aldrich) as the solvent, in an Ar-filled glovebox

with <3 ppm oxygen and H2O. The non-reactive Ni powder

acted as a conductive additive and also allowed the amount

of crystalline silicon phase present in the tested sample to be

quantified in the X-ray diffraction experiments. The pow-

der–binder mixture was dried, pressed into 1/4 in. diameter

pellets of �100 mm thickness, and assembled in a standard

stainless steel electrochemical cell with TeflonTM insulator.

The pellets were tested as the positive electrode against Li

foil (0.75 mm thick, Alfa Aesar), using Celgard 2400TM

(Celgard Inc.) as the separator. The electrolyte used was a

1 M solution of LiPF6 in a 1:1 (w/w) EC:DMC mixture (EM
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Science). The electrochemical tests were carried out at room

temperature at a constant current density of 10 mA/g of

active metal.

X-ray diffraction (Rigaku, RU300, Cu Ka radiation) was

performed before and after lithiation of the sample. The

known amount of Ni in the starting mixture served as a

reference standard from which the relative amounts of

crystalline phases after lithiation were quantified [14]. High

resolution and analytical electron microscopy experiments

were performed using a JEOL 2010FX TEM (JEOL Ltd.)

operating at 200 keV and equipped with an energy-disper-

sive X-ray detector (Link Systems). All handling of the

samples for the XRD and HREM experiments, as well as

loading of the sample into the TEM specimen holder, was

conducted in the Ar-filled glovebox with <30 s exposure to

air.

In order to make a direct comparison with the electro-

chemically alloyed samples to the same reactants in a

conventional thin film geometry, Si films of 0.5 mm thick-

ness were deposited on polycrystalline Al2O3 plates by dc

magnetron sputtering of a Si target (99.999%, Kurt J.

Lesker) in Ar atmosphere. To ensure crystallinity, the Si

films were annealed at 1000 8C for 10 h in Ar. Li films of

1.5 mm were then deposited on the Si films by thermal vapor

deposition of Li metal at temperature �50–80 8C, to obtain a

bilayer with overall Li/Si molar ratio of 2.82. The bilayer

films were packaged under a layer of lithium phosphorous

oxynitride (Lipon) [15] of 0.2 mm thickness, deposited by rf

magnetron sputtering of Li3PO4 in N2 atmosphere. Between

the Li and Li3PO4 depositions, the samples were handled in

an Ar-filled glovebox.

3. Results and discussion

3.1. Electrochemical and microstructural

characterization

Fig. 1 (solid line) shows a voltage profile of a Si powder

sample lithiated to a total charge capacity of 1280 mAh/g

(Li/Si molar ratio of 1.34, or 57 mol% Li). This composition

clearly lies within the equilibrium Li12Si7–Si two-phase

field. The flat voltage plateau at 0.1 V suggests a two-phase

field of constant lithium chemical potential. The equilibrium

voltage over this composition range was measured by inter-

rupting this test at 200 mAh/g capacity intervals and holding

for 4 h, whereupon the cell voltage relaxes to a steady-state

value of 0.18 V (Fig. 1, dashed line). From the results of Wen

and Huggins [16], if co-existence of the equilibrium crystal-

line phases Si and Li12Si7 were to occur, an equilibrium

voltage of �0.34 V with respect to pure Li metal would be

expected. However, the lower equilibrium voltage in our

experiment indicates a significant deviation from thermo-

dynamic equilibrium Li–Si phase formation.

Fig. 2a and b compare X-ray diffractograms of the Ni and

Si powder mixture before and after lithiation. If equilibrium

were maintained along this composition trajectory, Li12Si7
should crystallize and increase in relative fraction while

co-existing with crystalline Si. Fig. 2b does show a decrease

in the Si phase reflections relative to the Ni reference, from

which it was determined that 38 mol% of the starting silicon

phase remained. However, no new reflections of any crystal-

line phase appeared. By comparing the peak intensity of the

remaining crystalline Si to the Ni reference and from the

total lithium transported (Fig. 1), the average Li/Si molar

ratio of the Li–Si amorphous reaction product was calcu-

lated to be 2.17 (68 mol% Li, or a composition LiSi0.47).

This composition is shown as the terminal composition

along the trajectory in Fig. 3.

Fig. 1. Voltage profile shown in a solid line for crystalline Si sample

lithiated to 1280 mAh/g (1.34 mol of Li/mol of total Si, 57 mol% Li/total

Si). The voltage profile of another cell whose voltage is allowed to reach

the equilibrium voltage is shown as a dashed line. A voltage plateau

appears at a much lower voltage than expected for equilibrium Li2Si7–Si

co-existence (0.34 V).

Fig. 2. X-ray diffraction experiment using Ni as an internal standard to

calibrate the fraction of remaining crystalline Si upon electrochemical

lithiation. (a) The starting mixture of Si:Ni:PVDF (60:30:10 (w/w)); (b) Si

sample lithiated to 57 mol% Li/total Si. No new crystalline phases

accompany the decrease in Si fraction in (b).
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High resolution and analytical electron microscopy

showed that the microstructure of the sample was dominated

by amorphous-phase particles. The composition of the

particles was found via energy-dispersive X-ray analysis

(EDX) to be Si-rich. Fig. 4 shows the HREM bright field

images, corresponding dark field images, a typical selected-

area diffraction pattern, and an energy-dispersive spectrum

typical of the amorphous phase particles. The bright-field

images (Fig. 4a and c) showed a periodic contrast with no

lattice fringes; the electron diffraction patterns showed

diffuse rings; and the dark field images (Fig. 4b and d)

formed using the diffracted intensity from the first diffuse

ring showed homogeneous scattering intensity and no sign

of strongly diffracting regions larger than a few Angstroms.

These observations indicate the absence of crystalline

phases. The EDX spectrum showed predominantly Si; Li

is not detectable with the detector used. The low oxygen

concentration in these amorphous phase rules out the two

most likely artifacts possible in this experiment, possible

oxidation of the Si forming amorphous silicon oxides and

amorphous reaction products of the alloy with organic

electrolyte. Most of the particles analyzed by HREM were

of this type, although some crystalline Si particles were also

observed; this is consistent with the XRD results. In some

cases, the co-existence of an amorphous phase with a central

core of crystalline Si was observed in a single particle. Thus,

the physical co-existence of an amorphous phase and crys-

talline silicon was confirmed, consistent with the constant

lithium chemical potential implied by the voltage plateau in

Fig. 1.

3.2. Electrochemically-driven solid-state amorphization

As the experimental data has shown, the Li–Si system

above forms an amorphous Li–Si phase upon electrochemi-

cal lithiation. This transformation from a crystalline to a

Fig. 3. (Top) Equilibrium Li–Si phase diagram [21], and (bottom) Gibbs free energy diagram for known crystalline phases and amorphous Li–Si alloy

identified in this work. The overall composition of an electrochemically lithiated sample showing co-existence of crystalline Si and the metastable amorphous

phase is denoted by X. When crystallization of the equilibrium intermetallic compounds is suppressed, electrochemically-induced solid-state amorphization

instead occurs at room temperature. See text for details.
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disordered phase can be explained in the context of electro-

chemically-driven solid-state amorphization (ESA). Solid-

state amorphization (SSA) is a phenomenon in which for-

mation of amorphous materials occurs by a solid-state reac-

tion rather than upon quenching from the melt. Although, to

our knowledge, electrochemically-driven solid-state amorphi-

zation has not been discussed in the literature, solid-state

amorphization through diffusive reaction has been known for

20 years in bilayer or multilayer thin films systems, in which

the film thickness is comparable to an interface thickness [17].

Amorphization occurs when a thermodynamically preferred

crystalline intermediate compound is unable to nucleate,

and a glassy phase that is metastable yet lower in free energy

than the pure reactants forms instead. We propose that a

similar phenomenon can occur when alloying is electroche-

mically-driven. The basic criteria necessary for transforma-

tion from a crystalline to amorphous state, bypassing the

equilibrium intermediate compound, is a negative heat of

mixing, large size differences between atoms, high alloying

concentration, and large differences in diffusivities of atoms

[17–24]. The negative heat of mixing provides the driving

force for mixing while the other criteria are typically asso-

ciated with a large nucleation barrier and instability of the

new crystalline phases. Although thin-film solid-state amor-

phization has not previously been studied in any Li–Me alloy

(Me is a metal that can alloy with Li such as Si, Sn, Al, Ag, Sb,

and Zn), these criteria are easily met in various Li–Me

systems. The Li–Si phase diagram (Fig. 3, top) [25] exhibits

numerous intermetallic phases, the nucleation and growth of

which must be avoided if solid-state amorphization is to

occur. The fact that the intermediate compounds have com-

plex crystal structures [25] with little structural similarity to

the pure end members was expected to help frustrate crystal-

lization of Si upon alloying with Li, since continuous trans-

formation of, or epitaxial growth on, the parent phases is

unlikely.

Table 1 lists available standard free energies of formation

of the pure metals as well as the equilibrium crystalline

intermetallic compounds in Fig. 3 [26,27]. Combined with

the electrochemical test data from this work for the amor-

phous Li–Si phase, we construct in Fig. 3 (bottom) a Gibbs

free energy diagram for all presently known crystalline

phases in this system and the amorphous phase. The standard

Fig. 4. (a and c) HREM bright field images; and (b and d) their corresponding dark field images showing microstructure of Si after lithiation to 68 mol% Li,

showing that electrochemical lithiation has resulted in the production of an amorphous alloy.

Table 1

Standard Gibbs free energies of for Li at 25 8C [26], Si at 25 8C [26] and

Li–Si alloys at 415 8C, [27] and amorphous Li–Si alloy at 25 8C from the

present work

Phases Gi (kcal/mol)

Li �2.072

Li12Si7 �199.516

Li7Si3 �109.944

Li13Si4 �183.956

Li22Si5 �273.375

Amorphous LiSi0.47 (this work) �4.151

Si �1.341
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Gibbs free energy of pure Li and Si shown are the data at

298 K (�3 K). The equilibrium Li–Si crystalline phases are

treated as line compounds as shown in the phase diagram

(Fig. 3), and their Gibbs energies are calculated from the

values in Table 1 for the respective formula units LixSiy,

where x þ y ¼ 1. Although experimental thermodynamic

data are only available for these compounds at a temperature

of 688 K (415 8C), the formation free energies are likely to

vary by less than 1% between 688 K and room temperature.

For the amorphous phase, the composition was assumed to

be LiSi0.47, as determined from the diffraction analysis and

electrochemical test. Its free energy was determined using

the Nernst equation, DGo
LiSi0:47

¼ �nFV ¼ �4:15 kcal/mol,

where V is the experimental equilibrium voltage of the

amorphous alloy with respect to pure lithium, F is the

Faraday’s constant, and n is the number of electrons trans-

ported per Liþ, equal to unity.

The free energy construction (Fig. 3) is consistent in every

aspect with the experimental observations. The crystalline

intermetallics are the thermodynamically stable phases hav-

ing much lower Gibbs energy than the amorphous alloy.

However, since these phases clearly do not easily crystallize

at room temperature, as the silicon is lithiated, the meta-

stable Li–Si phase forms, crystalline Si and the amorphous

Li–Si phase of approximately constant composition co-

exist. This is consistent with the long voltage plateau

observed in the electrochemical test. The XRD results

confirm that the only crystalline phase present (aside from

the non-reactive internal standard) is Si, and the HREM

results show only crystalline Si and the amorphous Si-

containing phase. The co-existence of an SSA-produced

amorphous phase and a crystalline phase has previously

been observed in thin film reactions, one example being the

Au–La thin film system [17].

3.3. Thin-film solid-state amorphization in Li–Si

Thin-film bilayer experiments showed that in this system,

solid-state reaction between Li and Si thin films occurs

readily at 50–80 8C. The overall Li/Si molar ratio of this

diffusion couple is 2.82. The XRD results of the Si film

before deposition, and after Li film deposition are shown in

Fig. 5. A reduction in Si integrated peak intensity of about a

factor of 4 is observed. However, as in the electrochemical

lithiation experiments, no peaks were found that could be

associated with any of the equilibrium Li–Si crystalline

phases. Minor peaks from unidentified phase(s) are seen

in Fig. 5. These peaks, which were not seen in the electro-

chemically-alloyed samples, could correspond to a Li–Si

metastable phase that formed due to a higher reaction

temperature during Li deposition (50–80 8C). The majority

reaction product appears to be amorphous. It is not surpris-

ing that Li–Si thin films react readily at temperature below

80 8C, given the rapid Li transport rate at room temperature

(necessary for these alloys to function electrochemically at

room temperature). In related work, we have seen rapid

reaction at the same temperature range in Li–Sn thin film

couples as well. Electron microscopy was not accomplished

on these samples due to the difficulty of preparing electron-

transparent foils of highly lithiated alloys without oxidation.

The results nonetheless demonstrate the close analogy

between electrochemically-driven and conventional thin-

film solid-state amorphization reactions, and that solid-state

reaction at temperatures close to room temperature in Li–Me

systems can result in a metastable phase. Additional details

of this work, and results on related lithium–metal systems,

are discussed in [28].

4. Conclusions

In this work, the microscopic reaction mechanism occur-

ring when metals are electrochemically lithiated at room

temperature has been studied. Using Li–Si as a model

system, direct and indirect experimental observations via

calibrated XRD, HREM and electrochemical testing have

revealed that formation of metastable non-crystalline phases

can readily occur at room temperature in Si subjected to

electrochemical lithiation. This phenomenon has been

described as electrochemically-driven solid-state amorphi-

zation, during which a metal is amorphized upon alloying

Fig. 5. X-ray diffraction from the thin film solid-state reaction of Li with

Si at a molar ratio of 2.82 Li/Si (74 mol% Li). Diffractogram of starting Si

film is shown at the top. The substrate is Al2O3. At the bottom, results from

the Li–Si bilayer formed by thermal evaporation of Li at 50–80 8C onto the

Si film showed none of the expected equilibrium crystalline Li–Si

compounds associated with this overall composition.
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with Li during electrochemical cycling. A self-consistent

thermodynamic interpretation is presented to explain the

above process. The Li–Si bilayer thin films were similarly

found to react without forming any of the expected equili-

brium crystalline phases, suggesting that Li–Me alloys in

general are likely candidates for solid-state amorphization.
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