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Elucidating the origins of phase transformation
hysteresis during electrochemical cycling of Li-Sb
electrodes’

Donghee Chang,” Hua Huo, Karen E. Johnston,” Michel Menetrier,"¢ Laure
Monconduit,? Clare P. Grey,” and Anton Van der Ven*®

We investigate the origins of phase transformation hysteresis in electrodes of Li-ion batteries,
focusing on the alloying reaction of Li with Sb. Electrochemical measurements confirm that the
reaction path followed during Li insertion into Sb electrodes differs from that followed upon sub-
sequent Li extraction. Results from first-principles calculations and NMR measurements indicate
that LizSb is capable of tolerating high Li-vacancy concentrations. An unusually high Li mobility in
LizSb facilitates over potentials during charging, which leads to a substantially larger driving force
for the nucleation of Sb compared to that of Li;Sb. The differences in nucleation driving forces
arise from a lever effect that favors phases with large changes in Li concentration over phases
that are closer in composition along the equilibrium path. These properties provide an explana-
tion for the observed path hysteresis between charge and discharge in the Li-Sb system and likely
also play a role in intercalation compounds and other alloying reactions exhibiting similar phase

transformation hysteresis.

1 Introduction

Most electrochemically active electrode materials used in Li and
Na batteries are intercalation compounds that are capable of ac-
commodating large variations in Li and Na ion concentration. 1-*
Electrochemically viable intercalation compounds, many of them
relying on a valence shift of a transition metal ion, maintain the
same host crystal structure and undergo only minor variations in
lattice parameters as either the Li or Na concentration is varied.
Electrochemical cycling can therefore occur without substantial
degradation. Although ideal in many ways for electrochemical
energy storage applications, intercalation compounds neverthe-
less have a limited capacity as measured by the amount of Li or
Na that can be removed and reinserted into the compound.
Alternative solid-state reaction mechanisms that differ qualita-
tively from intercalation processes are also possible. An important
class includes displacement and conversion reactions whereby
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the extrusion and subsequent precipitation of a transition metal
cation occurs simultaneously with the insertion of Li (or Na).>—8
This mechanism allows for the exploitation of a multi-electron va-
lence shift to achieve very high capacities. Even higher theoretical
capacities are possible if the transition metal is eliminated alto-
gether. The Li (or Na) then reacts directly with another element.
Li-air and Li-sulfur?'2 batteries fall in this category, as do elec-
trodes that rely on alloying reactions with Si, Sn, Al and Sb among
others. 13-15 The reaction of Li with Si and Sn, for example, can
yield compounds with very high Li concentrations (i.e. Liz75Si
and Lis 4Sn) making capacities as high as 3579 mAhg~'and 993
maAhg~!theoretically possible, 13:16.17

While enabling higher capacities, reaction mechanisms that go
beyond intercalation often exhibit a large hysteresis in the volt-
age profile between charge and discharge. A sizable hysteresis
leads to unacceptable energy losses during cycling. It is a ma-
jor impediment to the commercialization of otherwise promising
high-capacity electrode chemistries. A fundamental understand-
ing of the factors that cause hysteresis in electrodes undergoing
complex solid-state reaction mechanisms is still quite limited.

There are several sources of hysteresis in solid-state electro-
chemical reactions. One is purely dissipative and emerges from
sluggish kinetics on the timescale of the charge and discharge
cycle. Slowing the charge and discharge rate can systematically
reduce this form of polarization. Hysteresis in the voltage profile
will also emerge if the reaction follows a different path during
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discharge compared to that followed during charge. 18-20 The re-
sulting path hysteresis arises due to an asymmetry in competing
kinetic mechanisms and becomes more likely as the number of ac-
cessible kinetic mechanisms of ion insertion/removal increases. 1?
A third source of hysteresis can arise due to mechanical dissipa-
tion, either when coherency strains need to be overcome during
two-phase coexistence?! or in the form of plastic deformation,
likely an important factor in some alloying reactions undergoing
large volume changes. 22

The aim of this study is to shed light on the causes of phase
transformation hysteresis as occurs during the alloying reaction of
Sb electrodes in Li-ion batteries. Sb has a specific capacity of 660
mAhg~!and undergoes smaller volume changes and fewer phase
transformations than Si and Sn when reacting with Li. The elec-
trochemical reaction of Li with Sb electrodes is accompanied by
path hysteresis with the discharge voltage profile qualitatively dif-
fering in shape from the charge profile. Lithium insertion into Sb
electrodes leads first to the formation of Li;Sb having hexagonal
symmetry followed by the formation of LizSb having cubic sym-
metry. 2324 Upon Li removal, however, LizSb transforms directly
to Sb, bypassing the intermediate hexagonal Li,Sb phase.23:24
Hence, the discharge voltage curve should have two plateaus sep-
arated by a small step at the Li,Sb composition, while the charge
profile has a single plateau, which is usually about 0.2-0.3 V
above the discharge plateaus. The step at Li,Sb is not always
clearly observed, however, the two processes can be clearly re-
solved by using X-ray diffraction.2* The hysteresis persists even
at low charge and discharge rates. In spite of this path hystere-
sis, the charge and discharge profiles as well as the capacity does
not change much over many cycles2° in contrast to bulk Si and Sn
electrodes, which can show large irreversible capacity losses. 13:26

With the aim of elucidating the origin of the path hysteresis
exhibited by the alloying reaction of Li with Sb, we combine first-
principles calculations with electrochemical and NMR studies to
establish a range of crystallographic, electronic, thermodynamic
and kinetic properties of the three phases that form during the
electrochemical reaction of Li with Sb. Based on these property
predictions we argue that path hysteresis in Sb electrodes arises
from an asymmetry in the competition between Li diffusion rates
and driving forces for nucleation. These triggers are likely com-
mon to many other electrode chemistries that suffer from path
hysteresis.

2 Methods

Computational Methods

First-principles electronic structure calculations were performed
using density functional theory (DFT) within the generalized
gradient approximation as parameterized by Perdew-Burke-
Ernzerhof (PBE).27 We used the Vienna Ab initio simulation pack-
age (VASP) plane wave pseudo-potential code?82? with the pro-
jector augmented wave method (PAW) to describe the interac-
tions between valence and core electrons.3%31 An energy cutoff
of 400 eV was used. We used a I'-point centered 12x12x12 k-
point mesh for the primitive cell of Li3Sb, a 6x6x6 k-point mesh
for the unit cell of Li,Sb and a 12x12x4 mesh for the unit cell
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of Sb. The energy cutoff and k-point grid used in this study were
sufficient to converge the calculated energies to within 1 meV per
formula unit. The k-point meshes for the supercells of these struc-
tures were chosen to yield a similar k-point density in reciprocal
space. Ionic positions and the lattice parameters of each structure
were fully relaxed.

To study off stoichiometry at room temperature (as opposed to
0 K), we also performed a statistical mechanical study of the ther-
modynamic properties using cluster expansion Hamiltonians 32-33
and Monte Carlo simulations. We used the CASM software pack-
age343% to construct the cluster expansions and parameterize
their coefficients to first-principles total energy calculations as
well as to perform Monte Carlo simulations.

Lithium migration mechanisms and barriers were determined
using the climbing image nudged-elastic-band method,37 as im-
plemented in VASP. For each phase, a large supercell was used,
allowing all atoms to relax while holding the lattice parameters
and volume of the supercell fixed.

To calculate electronic densities of state and band structures
of A7 Sb, hexagonal Li,Sb and cubic Liz;Sb we used the HSE06
hybrid functional. 38

Electrode Preparation

All electrodes for ex situ 'Li NMR studies were prepared as self-
supporting films using carboxymethyl cellulose (CMC) (degree
of substitution DS = 0.7, and average molecular weight M,, =
250,000 g mol~!, Aldrich) as a binder with two conductive addi-
tives: (i) vapor-grown carbon fibers (VGCF, diameter 100-200
nm and length 10-20 pym, Brunauer-Emmett-Teller (BET) sur-
face areas 15 m2g~!, SHOWA DENKO) and (ii) carbon black
Y50A (CB, BET primary particle size 20-60 nm, primary aggre-
gate size 100 nm, surface area 70 m2g~'). The Sb powder
(350 mesh, 99.5%, Alfa Aesar), CMC and additives were man-
ually grounded in a mortar and pestle with a weight ratio of
70:12:9:9% (Sb:CMC:Y50A:VGCF). The mixture was then mixed
with deionised water in a silicon nitride vial containing three 9.5
mm diameter silicon nitride balls. A Fritsch Pulverisette 7 was
used to mill the mixture at 500 rpm for 1 hour. The slurry was
tape cast onto 22 um thick copper foil at 150 um thickness. The
electrodes were then dried for 12 hours at room temperature and
1 hour at 100 °C under vacuum. To prepare electrodes for in situ
NMR, the slurry was cast onto one end of a pre-weighed strip of
copper mesh, leaving the uncoated side to serve as the battery
lead.

Electrochemical Tests

All ex situ NMR measurements were completed in 2032-type coin
cells. Sb electrodes were cycled against Li metal with 1 M LiPFq
dissolved in a 1:1 volumetric mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC). Each cell was assembled inside
an argon-filled glovebox. Electrochemical curves were recorded
on an Arbin Instrument at room temperature under galvanostatic
conditions. After electrochemical cycling, the cells were disas-
sembled in a glovebox, where the active materials were extracted
and packed into zirconia rotors for NMR analysis. Each sample

This journal is © The Royal Society of Chemistry [year]

Page 2 of 17



Page 3 of 17

therefore remains under an inert environment.

For all in situ NMR studies a flexible battery design was used,
where the positive electrode was prepared using the method
described above.3® The negative electrode was constructed by
pressing lithium metal onto copper mesh, leaving bare copper
mesh at one end to act as the battery lead. A VSP cycler (Bio-
Logic) was used for cycling the in situ cells.

Solid-State NMR Spectroscopy

Ex situ NMR Data All room temperature %7Li static and
magic-angle spinning (MAS) NMR spectra were acquired using a
Bruker Avance 400 MHz spectrometer, equipped with a wide-bore
9.4 T magnet using Larmor frequencies of 58.88 MHz and 155.51
MHz for °Li (I = 1) and "Li (I = 3/2), respectively. The powdered
samples were packed into conventional 2.5 mm zirconia rotors
and a MAS rate of 30 kHz was employed. A rotor-synchronized
Echo-MAS sequence was used (90°-7-180°-7). Two-dimensional
magnetization exchange %7Li NMR spectra were acquired using
the sequence (n/2)-11-(n/2)-T,y-(n/2)-1-acq, where 7; and 7,
represent interpulse delays and 7, is the mixing time. A range
of mixing times were tested, including 0.1, 10, 50 and 200 ms.

In situ NMR Data All static ’Li NMR spectra were acquired
using a Tecmag 300 MHz spectrometer, equipped with a wide-
bore 7 T magnet using a Larmor frequency of 116.64 MHz. Single
pulse experiments with a recycle delay of 1 s were employed using
a static probe equipped with a 1 cm coil. To improve the signal-to-
noise ratio of the 7Li NMR spectra, low-pass filters (50 MHz) were
used to filter any high-frequency noise arising from the cycler. All
67Li chemical shifts were referenced to 1 M LiCl (aq) at §;s, = O

ppm.
3 Results

3.1 Crystallography
There are three distinct phases that can coexist when Li alloys
with Sb. The first is pure Sb, prototype A7, which belongs to
space group R3m (No.166).4% The crystal structure consists of
puckered layers and is shown in Fig. 1la. The second phase is
hexagonal Li;Sb belonging to space group P62c (No.190)4! and
is shown in Fig. 1b. The last phase is Li3Sb which has cubic sym-
metry and belongs to space group Fm3m (No.225). 494243 Since
A7 Sb, hexagonal Li;Sb and cubic Li3Sb are distinct phases that
can tolerate some degree of off-stoichiometry, we will refer to
them with the Greek letters a,  and 7y respectively.

a-Sb, 3-Li;Sb and y-Li3Sb can each be described as the stacking
of either triangular Sb layers or a combination of triangular and
honeycomb Sb layers. Following convention, we denote stack-
ing sequences of triangular layers with the letters A, B and C.
To emphasize that these layers are triangular lattices, we add a
subscript ¢ such that the stacking in fcc, for example, would be
denoted by A;B;C;. There are also several ways of stacking a hon-
eycomb network, which can also be denoted by the letters A, B
and C. For a honeycomb layer, we add the subscript /. In describ-
ing the crystallographic relationships between «-Sb, 3-Li;Sb and
y-Li3Sb, we will also need to distinguish between layers that have
been rotated by 30 degrees around an axis perpendicular to the

This journal is © The Royal Society of Chemistry [year]
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layer. We label these layers with a prime, e.g. A,.

The crystal structure of pure a-Sb is similar to the fcc lattice
except that every other close-packed (111) layer is off-centered.
Fig. 1c illustrates the -Sb crystal structure as represented by lay-
ers of triangular lattices. The triangular lattices have an A,;B,C;
stacking sequence as in fcc, but with non-uniform spacing be-
tween pairs of planes. The off-centering of alternating layers al-
lows the Sb of one close-packed plane to form three short bonds
with neighboring Sb of the other close-packed plane (Fig. 1a).

The crystal structure of hexagonal -Li;Sb is also layered in
the sense that the Sb sublattice can be described as consisting
of two-dimensional honeycomb layers, A, interleaved by two-
dimensional triangular lattices, A,. The Sb-Sb nearest neighbor
distance within the A, layers of B-Li;Sb is substantially larger
than that in the triangular layers of pure Sb as they reside above
and below the centers of the honeycomb rings of the adjacent A,
layers. The Sb sublattice is identical to the omega phase of el-
emental metals such as Ti and Zr and their suboxides. *»%> The
Li ions occupy two symmetrically distinct interstitial sites within
this Sb sublattice. The first is a five-fold coordinated square pyra-
midal site (6h Wyckoff position), while the second is a four fold
coordinated tetrahedral site (6g Wyckoff position).

The Sb sublattice of y-Li;Sb forms a perfect fcc lattice, which is
a stacking of close-packed triangular lattices, i.e. A;B,C;. The Li
ions occupy all the octahedral and tetrahedral interstitial sites of
the fcc Sb sublattice.

Although several crystallographic pathways linking a-Sb to the
Sb sublattice of the B-Li,Sb phase can be identified, one is espe-
cially straightforward. It relies on the splitting of each triangular
lattice of Sb into a honeycomb layer and a new triangular lat-
tice that is rotated by 30 degrees and has a much larger nearest
neighbor distance between Sb. An A, layer of pure «-Sb, for ex-
ample, can split into a A, honeycomb layer and a A, layer, as
illustrated in Fig. 1c. The Sb atoms of A; that ultimately form the
A, triangular lattice form a /3 x v/3 supercell in the original A,
layer. If every triangular layer splits in this manner, an intermedi-
ate crystal is formed with A,A, BB, C,C, stacking, as illustrated
in Fig. 1c. This intermediate crystal must be sheared to obtain
the A,A ApAyALA, of the Sb sub lattice in -Li,Sb, as shown in
Fig. 1c.

A similar mechanism connects the Sb sublattice of §-Li,Sb with
that of y-LizSb. The collapse of a honeycomb network A, with a
triangular lattice A, forms a triangular lattice A;. The collapse of
pairs of A, and A, must also be accompanied by a shear to take
the resulting A;A,A; stacking to an fcc A;B,C; stacking character-
izing the Sb sublattice of y-LizSb.

In view of the crystallographic similarities between the three
phases, the possibility exists that the two-phase reactions between
any pair of them could occur coherently. An important metric to
analyze this possibility is the transformation strain required to
deform one crystal into the other. If the transformation strain
is small, the two-phase reaction may proceed coherently without
incurring large coherency strain energy penalties. The transfor-
mation strain can be defined using the starting phase as the ref-
erence. The Green-Lagrange strain tensor, E, is related to the
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Fig. 1 Crystal structures of (a) pure «-Sb (R3m, prototype A7) and (b) hexagonal -Li,Sb (P62c). (c) Schematic illustrations of structural
transformations from «-Sb to B-Li,Sb and from B-Li»Sb to y-LisSb. A;,B;, and C, represent friangular lattices and A, represents a honeycomb

network. A, represents a triangular lattice rotated by 30 degrees.

deformation gradient F according to

P

FTF—

E (1)

| T

where, for homogeneous strain, the 3x3 deformation gradient
matrix F relates the lattice vectors of the transformed crystal a’,
b’ and ¢ to the lattice vectors of the original crystal a, b and ¢
according to a’ = Fa. FT corresponds to the transpose of F.

In general, large misfit strains between the original crystal
structure and the new crystal structure will incur large strain en-
ergy costs when the two phases coexist coherently. If this strain
energy is larger than the cost of forming an incoherent interface,
the transformation will occur reconstructively. As is to be ex-
pected for alloying reactions, the volume changes in the Li-Sb
system are very large. Transforming from «-Sb to §-LiySb results
in a volume change of close to 90%, while the addition of Li to
B-Li;Sb to form 7y-LizSb results in a further increase of about 35%
relative to the Sb volume. Large volume changes by themselves,
though, do not necessarily result in strain energy penalties. There
are special anisotropic transformation strains in which particular
crystallographic planes do not undergo a strain as the original
crystal transforms into the new crystal. The transformation can
then proceed coherently in the absence of coherency strains if the
interface separating the growing phase from the original phase
within an electrode particle is parallel to these strain invariant
planes. The requirement for the existence of a strain invariant
plane is that one eigenvalue of E is equal to 0, one eigenvalue is

4| Journal Name, [year], [vol.],1-17

greater than O and one eigenvalue is less than 0. 46

Table 1 The eigenvalues of the transformation strains for various
crystallographic transformation paths using experimentally measured
lattice parameters

Page 4 of 17

Transformation path M A2 A3

o-Sb — B-Li;Sb -0.0416 0.0669 1.3652
o-Sb — ¥-Li3Sb -0.1031 0.0817 2.4883
B-LiySb — y-LizSb -0.2224 0.0130 0.7493
B-Li;Sb — «-Sb -0.3660 -0.0590 0.0453
¥-Li3Sb — B-Li;Sb -0.2999 -0.0127 0.4007
¥-LisSb — «-Sb -0.4163 -0.0702 0.1299

The eigenvalues of the transformation strains (Eq. 1), assuming
the crystallographic transformation paths described above and us-
ing experimentally measured lattice parameters, 404!
Table 1. The transformation strains are very large as is clear by
the large eigenvalues. However, they all show at least one posi-
tive and one negative eigenvalue as well as an eigenvalue close
to zero. Nevertheless, the eigenvalues close to zero are still siz-
able and thus none of the transformation strains exhibit a strict
strain invariant plane. If any of these transformations occur co-
herently, they will be accompanied by coherency strain. We point
out though that the transformations that most closely approach
the conditions for a strain invariant plane are between Li,Sb and
Li3Shb.

are listed in

This journal is © The Royal Society of Chemistry [year]
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3.2 First-Principles Results

Electronic structure
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Fig. 2 Calculated electronic density of states and band structures of (a)
o-Sb (rhombohedral unit cell), (b) B-Li,Sb (hexagonal unitcell), and (c)
¥-LizSb using the HSE screened hybrid functional. The Fermi level is set
to zero.

The electrodes of an electrochemical cell should exhibit some
degree of electronic conductivity such that electrons can reach

This journal is © The Royal Society of Chemistry [year]
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the electrode/electrolyte interface where the electrochemical re-
actions occur. We used both DFT-PBE as well as HSE0638 to cal-
culate the electronic density of states and band structure of o-Sb,
B-Li;Sb and y-LizSb. The density of states and band structure
as calculated with HSEO06 are shown in Fig. 2. Both a-Sb and
¥-Li3Sb are predicted to be semi-conductors having band gaps of
approximately 0.05 and 1.1 €V respectively. 3-Li;Sb is predicted
to be metallic, but with the Fermi level close to a minimum in the
density of states.

Lithium removal from y-LizSb lowers the Fermi level into the
valence band resulting in the creation of holes. The density of
states rises sharply when decreasing the Fermi level away from
the valence band maximum. This suggests that the holes, cre-
ated upon Li removal, will likely form itinerant states that are
mobile, very quickly making y-Li;_,Sb electronically conducting.
The band gap of a-Sb is predicted to be very small. As described

SN AULE
74\

-15 -10 -5 0 5 10 15
Energy [ev]

Fig. 3 Density of states of the A7 form of a-Sb (blue) and the perfect fcc
form of Sb (orange). The A7 form of a-Sb is similar to the fcc lattice with
the exception that every other close-packed(111) layer is off-centered.

above, the A7 form of a-Sb can be derived from perfect fcc Sb by
reducing the distance between alternating pairs of close packed
planes, thereby lowering the symmetry of the crystal and dou-
bling the size of the primitive unit cell. Perfect fcc Sb is predicted
with HSE06 not to have a band gap. The band gap emerges as
alternating pairs of (111) planes are shifted off center to form
the A7 crystal structure (Fig. 3). The addition of interstitial Li to
the Sb host should shift the Fermi level into the conduction band.
Again, the density of states increases very rapidly when moving
into the conduction band, suggesting that electrons donated by
inserted Li are likely to be delocalized and itinerant due to the
strong dispersion of the conduction bands.

Thermodynamic properties

An electrode material that undergoes path hysteresis will pass
through metastable states for at least some portion of the charge
and discharge process. While a-Sb, 3-Li,Sb and y-Li3Sb are line
compounds their crystal structures suggest that they can tolerate
some degree of off-stoichiometry, either by introducing interstitial
Li in a-Sb, or by creating Li vacancies in f-LipSb and y-Li3Sb. To
determine the accessibility of these metastable off-stoichiometric
compositions, we calculated the free energies of dilute a-Sb, 3-
Li,Sb and y-Li3Sb using a cluster expansion approach.

Journal Name, [year], [vol.], 1-17 |5
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Fig. 4 Formation energies of different configurations calculated from
first-principles (a) per atom using a-Sb and pure Li as a reference (b)
per Sb using y-Li;Sb and a-Sb as a reference. The energies of the
ground states are connected with a black line forming a convex hull. (c)
Volume per Sb for all calculated structures between «-Sb and y-Li;Sb.
The changes in the volume of the ground state phases is shown with a
dotted orange line.
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Throughout the remainder of the text, we will work with dif-
ferent composition variables depending on the context. In some
contexts it is convenient to track the number of Li, N;;, normal-
ized by the number of Sb, Ny, a quantity we will denote with
X = Ni;/Ngp. This composition variable appears in the chemical
formula Li,Sb. In other contexts, it is convenient to work with
an atomic fraction, which we define as z = Ny;/(N; + Ngp). In
terms of z, the chemical formula of the alloy is then Li Sb(;_.).
We will also denote off-stoichiometric forms of a-Sb, 3-Li,Sb and
¥-Li3Sb as LisSb, Lir_Sb and Li;_,Sb respectively, where § refers
to a dilute Li concentration and € and { refer to dilute vacancy
concentrations (all normalized by the number of Sb).

As a first step in parameterizing cluster expansion Hamiltoni-
ans for each compound, we enumerated symmetrically distinct Li-
vacancy orderings over the interstitial sites of &-Sb and over the Li
sites of hexagonal Li,_Sb and cubic Li37§Sb. The Li-vacancy or-
derings were enumerated within symmetrically distinct supercells
of the primitive unit cells of the parent compounds. We calculated
the total energies of these configurations with DFT-PBE as imple-
mented in VASP. Fig. 4a shows the resulting formation energies,
defined as

AE(z) =E(z) —zELi — (1 —2)Esp (2)

where, E(z) is the DFT energy of a particular configuration in a su-
percell having an atomic fraction z. The energy E(z) is normalized
by the total number of atoms within that supercell (Ny; + Ngp,). EL;
and Eg;, are DFT energies per atom of bee Li and a-Sb respectively.

Fig. 4a shows that hexagonal B-Li,Sb, and cubic y-Li3Sb are
predicted to be stable intermediate compounds in the Li-Sb bi-
nary. Interestingly, configurations having very dilute vacancy con-
centrations over the octahedral sites of y—Li3,§Sb are also pre-
dicted to reside on the convex hull (e.g. Liygg and Liy ggSb).
Moreover, a large number of configurations with dilute concentra-
tions of lithium vacancies in hexagonal -Li,Sb and cubic y-Li3Sb
have formation energies close to the convex hull.

Fig. 4b shows formation energies calculated relative to a-Sb
and y-Li3Sb and plotted versus Li concentration x/3. The ener-
gies of each structure in this plot are normalized by the number
of Sb atoms. This figure more clearly illustrates the stability of
the different metastable structures relative to the three ground
states a-Sb, B-Li;Sb and y-LizSb. The volumes of the different
structures are also shown in Fig. 4c as a function of x/3.

The introduction of large vacancy concentrations in f-Li;Sb
and y-Li3Sb often causes the original structure to relax to very
different final structures. We have been able to distinguish be-
tween several categories of crystal structures that emerge when
relaxing B-Li;Sb and y-Li3Sb upon removal of Li. The energies
of these structures are denoted by different symbols in Fig. 4.
The green diamonds (FCC) correspond to energies of structures
in which the Sb sublattice of Li;_,Sb maintains its fcc sublattice
as in stoichiometric cubic Li;Sb. The dark red triangles (HEX)
correspond to structures in which the Sb sublattice is that of sto-
ichiometric Li,Sb. Addition of Li to Sb starting in the A7 crys-
tal structure, even at very dilute Li concentrations, causes the Sb
sublattice to adopt a cubic network, as illustrated in Fig. 5a. The

This journal is © The Royal Society of Chemistry [year]

Page 6 of 17



Page 7 of 17

(c) FCC+A7 (Li,Sb)

(d) FCC+CUB (Li, Sb)

Fig. 5 Examples of relaxed metastable structures upon creation of large
vacancy concentrations in hexagonal B-Li, Sb and cubic y-LisSb or upon
insertion of small lithium concentrations in o-Sb.

energies of these structures are denoted with blue squares (CUB)
in Fig. 4. The pink triangles (TRI) having stoichiometry Li; 5Sb
in Fig. 4 consist of close-packed triangular Sb sublattices having
an A;A;A; stacking sequence (as illustrated in Fig. 5b). The Li
occupy a subset of the trigonal prismatic interstitial sites within
the Sb sublattice. For Li compositions between LiSb and Li,Sb, a
variety of hybrid structures emerge as shown in Fig. 5¢ and 5d.
The half-blue circles (FCC+A7) in Fig. 4 correspond to the en-
ergies of layered structures that have several close packed trian-
gular Sb layers as in fcc interleaved by a puckered Sb layer as
in the A7 crystal structure of pure Sb (Fig. 5¢). The half-green
circles (FCC+CUB) correspond to energies of structures that are
also layered, but have Sb triangular lattices interleaved by a layer
made up of cubes of Sb as in the cubic structures of dilute Li,Sb
(Fig. 5d).

The formation energies of configurations having low vacancy
concentrations within hexagonal 3-LipSb and cubic y-Li3Sb were
used to parameterize the expansion coefficients of cluster expan-
sion Hamiltonians. 3?33 Separate cluster expansions were con-
structed for hexagonal -Li,_.Sb and cubic y-Liz_,Sb. In param-
eterizing a cluster expansion for cubic y-Liz_¢Sb, only configura-
tions that maintained the fec Sb sublattice after relaxation (FCC
in Fig. 4) were used, while in the parameterization of the cluster
expansion for the hexagonal phase only configurations that main-
tained the Sb sublattice of 8-Li,Sb (HEX in Fig. 4) were used.

The cluster expansions were subjected to grand canonical
Monte Carlo simulations to predict the dependence of the Li
chemical potential on Li concentration within each compound.
This dependence was then integrated to calculate the Gibbs free
energy, g (normalized by the total number of atoms) as a func-
tion of concentration z. The calculated free energies are shown in

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 The calculated free energies of §-Li,_¢Sb and y-Li;_,Sbh at 300
K plotted as a function of atomic fraction z in Li,Sb;_,.

Fig. 6.47
The voltage of an electrochemical cell using metallic Li as the
anode is related to the Li chemical potentials according to

V(z) = —(Hri(z) —

where, i;(z) is the Li chemical potential in Li;Sby_; and py; is
the Li chemical potential of metallic Li. The chemical potentials
in Eq. 3 are in units of €V and e corresponds to the charge of an
electron.
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Fig. 7 Equilibrium voltage profile (solid black line) and metastable
voltage profiles for Li;_.Sb (orange dashed line) and Li;_,Sb (blue
dashed line).

Fig. 7 shows the calculated equilibrium voltage curve as a func-
tion of Li concentration. A small step at the composition of
B-Li,Sb (z=0.66) separates two plateaus corresponding to two-
phase reactions between «-Sb and B-Li;Sb and between B-Li»Sb
and y-Li3Sb respectively. The step height is approximately 40 mV.
Fig. 7 also shows metastable voltage profiles for §-Li;_.Sb and y-
Liz_Sb. Cubic y-Li3_,Sb can reach high vacancy concentrations
(£ ~0.5) with a 0.2V overpotential relative to the equilibrium -
Li3Sb to 3-Li»Sb voltage plateau.
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Fig. 8 Migration barriers and paths for Li hops in «-Sb at dilute Li concentrations. (a) Barrier and (b) hop path for a Li hop from an eightfold
coordinated site to an adjacent compressed octahedral site. (¢) Barrier and (d) hop path for a Li hop in a basal plane from an eightfold coordinated site

to an adjacent eightfold coordinated site.

Kinetic properties

Li diffusion within the three stable compounds is an important
property as it determines the rates with which the electrode can
be charged and discharged and is likely to play a role in the selec-
tion of kinetic pathways. A key quantity in assessing the mobility
of Li ions is the migration barrier of individual hops. Diffusion in
most electrode materials for Li-ion batteries occurs at non-dilute
concentrations and can be quite complex due to the dependence
of migration barriers and hop mechanisms on the local concen-
tration and the varying degrees of disorder among lithium and
vacancies. *® A treatment of non-dilute diffusion requires kinetic
Monte Carlo approaches combined with cluster expansion tech-
niques, for example, to describe the dependence of atomic hop
barriers on the local degree of Li-vacancy ordering. 3441 Since
0-Sb, hexagonal B-Li .Sb and cubic y-Li;_,Sb are essentially
line compounds, we need only consider diffusion in the presence
of dilute concentrations of diffusion mediating defects such as
Li interstitials or Li vacancies. The diffusion coefficient in these
dilute limits is directly proportional to individual atomic hop fre-
quencies, *® which can be approximated with transition state the-
ory. 52

In @-Sb, the relevant diffusion process is the migration of an
isolated interstitial Li from one site to an adjacent interstitial site,
while in hexagonal -Li, .Sb and cubic y-Li;_,Sb atomic diffu-
sion is mediated through the migration of isolated vacancies and
possibly divacancies between adjacent sites of the Li sublattices

8| Journal Name, [year], [vol.],1-17

of the compounds. Using the nudged elastic band method as im-
plemented in VASP, we calculated the migration barriers for ele-
mentary hops in a-Sb, 8-Li,Sb and y-Li3Sb.

For nudged elastic band calculations of isolated interstitial Li
hops in «-Sb, we used a 3x3x2 supercell of the hexagonal unit
cell of A7 Sb (lattice constant a,b =13.14 &, ¢=22.99 &), while for
Li hops into isolated vacancies in 3-Li;Sb we used a 2x2x2 su-
percell of the hexagonal unit cell (lattice constant a=13.10 A, b,c
= 15.89 A). Nudged elastic band calculations for Li hops into iso-
lated vacancies and divacancies in cubic y-Li3Sb were performed
with a 3 x3x3 supercell of the primitive cell of cubic LizSb (lattice
constant a=13.93 A).

At dilute Li concentrations, individual Li ions can occupy two
distinct interstitial sites in A7 Sb: an eightfold coordinated site
(3b), and a compressed octahedral site (3a). The eightfold 3b site
is more stable than the compressed octahedral 3a site by ~200
meV. Li can hop between adjacent sites, either by performing a
curved hop by passing through an intermediate tetrahedral site
or by following a direct hop as illustrated in Fig. 8b and 8d. The
calculated migration barriers shown in Fig. 8a and 8c, are high
when compared to typical Li migration barriers in electrode ma-
terials for Li-ion batteries. *? The connectivity of these hops forms
a three-dimensional network, such that Li diffusion will be three
dimensional.

There are two symmetrically distinct Li sites in hexagonal
Li»Sb, a tetrahedral site (6g) and a square pyramidal site (6h).

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Migration barriers and paths for Li hops in hexagonal -Li,Sb. (a) Barrier and (b) hop path for a Li hop from a square pyramidal site to an
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An isolated vacancy prefers to reside in the 6g tetrahedral site.
The energy increases by ~40 meV when the vacancy moves from
the tetrahedral site to the 6h square pyramidal site. Fig. 9a shows
the energy as a Li ion migrates from the square pyramidal site to
a neighboring vacant tetrahedral site. Li can also hop between
neighboring tetrahedral sites parallel to the ¢ axis and the energy
for this hop is shown in Fig. 9c. The migration barriers for both
hops are of the order of 200-250 meV. Hops between neighboring
tetrahedral sites or neighboring square pyramidal sites parallel to
the basal plane of the hexagonal unit cell are also possible, how-
ever, the barriers for these hops are of the order of 1 eV and are
therefore unlikely to contribute much to macroscopic Li diffusion.
The collection of the symmetrically equivalent nearest neighbor
hops with low barriers forms a three dimensional network.

The Li ions of cubic LizSb fill both the tetrahedral and octahe-
dral interstitial sites of the fcc Sb sublattice. An isolated vacancy
prefers to reside on the octahedral site. The energy of the crystal
increases by 100 meV when the vacancy moves from the octahe-
dral site to the tetrahedral site. The energy along the migration
path as a Li atom hops from a tetrahedral site to an octahedral
site is shown in Fig. 10a. The energy barrier is less than 150 meV,
a very small value. A similar migration barrier was recently pre-
dicted by Baggetto et al?> for Li3Sb. The calculated free energy
for y-Li;_¢Sb shown in Fig. 6 suggests that Li3Sb can tolerate off
stoichiometry and that vacancy clusters may be prominent. 48 We
therefore also considered Li hops into a divacancy. Fig. 10c shows
the energy as a Li hops from a tetrahedral site into a vacant oc-
tahedral site next to a vacant tetrahedral site. While isolated va-
cancies in LizSb prefer to reside on octahedral sites, when an oc-
tahedral vacancy is next to a tetrahedral vacancy, the energy of
the crystal actually decreases when a tetrahedral Li hops into the
octahedral site, thereby forming two tetrahedral vacancies. The
barrier for this hop, as for the single vacancy hop, is again very
low and of the order of 150 meV.

3.3 Electrochemical and NMR Measurements
Ex situ "Li NMR Studies

A typical discharge/charge curve obtained for Sb/Li, using a
cycle rate of C/30 (full capacity, in this case, equating to 3 Li per
Sb in 30 hours), is shown in Fig. 11a. A series of samples were ex-
tracted from batteries stopped after discharging/charging to dif-
ferent states, as indicated by the red dots on the voltage-capacity
profile. Samples are denoted as Li,Sb, where x denotes the Li
content calculated from the discharging/charging time. The Li
content of the sample is calculated assuming 100% coulombic ef-
ficiency. The 7Li MAS and static NMR spectra obtained for each
sample are shown in Fig. 11b and 11c, respectively. In each MAS
spectrum, a sharp and a broad resonance are observed at -1 ppm
and O ppm. These are assigned to the electrolyte and solid elec-
trolyte interphase (SEI), respectively.

Two resonances appear in a 1:1 ratio at 40 and -17 ppm in
the MAS spectrum for the sample obtained at the beginning of
discharge, corresponding to composition Lij,Sb. The intensities
of both resonances increase until a maximum is reached after 15
hours of discharge, corresponding to a composition of Li; 5Sb.
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Their intensities then decrease ( see the Li, 5Sb spectrum ) until
they disappear at the end of the first discharge (Li3,Sb). These
two resonances are absent from the following charge process but
reappear during the second discharge. The apparent Li:Sb ratio
of greater than 3.0 is ascribed to SEI formation and the presence
of Li in non-Sb containing SEI components. This behavior is con-
sistent with the observation of Li,Sb via in situ XRD studies. 24
Hence, the resonances at 40 and -17 ppm are tentatively assigned
to the Li sites in Li,Sb; this structure contains two Li sites with
multiplicities of 1:1 consistent with the observed intensity ratio
of 1:1.

Two weak resonances are also observed at 3.8 and -8.5 ppm
in the spectrum of Lij75Sb, acquired during the first discharge.
The intensity of the resonance at -8.5 ppm increases upon further
lithiation, while shifting towards positive chemical shift values:
-8.2 ppm at Li; 5Sb, -6.7 ppm at Li, ,5Sb and -1.4 ppm at the end
of discharge, Liz ,Sb. During delithiation, this resonance returns
to a negative chemical shift value (-8.9 ppm, for Li; ,Sb) and re-
duces in intensity. The resonance at 3.8 ppm, and the series of
shifting resonances identified, are tentatively assigned to Li3Sb
and related phases.

To confirm the assignment of the resonances, two-dimensional
(2D) 7Li exchange NMR experiments were attempted for samples
obtained during the first discharge, specifically those with com-
positions Li; 5Sb and Li; ,5Sb. These samples were selected for
investigation because they contain all of the 7Li NMR resonances
observed during cycling. The 2D method probes magnetization
exchange processes between different Li nuclei (via spin diffusion
and chemical exchange) for Li species in close spatial proximity,
i.e., it is a method used to determine whether resonances belong
to the same phase. The 7Li MAS NMR spectrum, and correspond-
ing deconvolution, for Li; 5Sb are shown in Fig. Sla. In addition
to the resonances assigned above, a weak resonance at 21 ppm
is resolved. 2D ’Li exchange NMR experiments, completed as a
function of mixing time for Li; 5Sb, contain an asymmetric cross-
peak correlating the resonances at 21 and -17 ppm (Fig. S1b),
even at 0.1 ms, indicating they belong to the same phase. Clear
correlations between the 40 and -17 ppm resonances are seen fol-
lowing a mixing time of 200 ms. Using this, and in conjunction
with the information above, the resonances at 40, 21 and -17 ppm
are all assigned to Li,Sb. The resonance at 21 ppm is believed to
be due to low concentrations of Li vacancies or interstitials gener-
ated during lithiation. The asymmetric cross-peaks are tentatively
ascribed to the short spin-lattice relaxation time for the 21 ppm
resonance.”3 The presence of a non-stoichiometric Li,Sb phase
is consistent with the calculated free energy of Li,Sb, which is
very shallow and remains close to the common tangent as the Li
concentration is reduced (Fig. 6).

Cross-peaks were also observed for the resonances at 3.8 and
-8.2 ppm in the 200 ms 2D experiment, consistent with their as-
signment to the same phase (Li3Sb). ®’Li 2D NMR spectra of
Li »5Sb (see the Supporting Information for more details) also
shows cross-peaks between the “Li3Sb” phase peaks at 3.5 and
now -6 ppm, along with an additional weak peak at 7 ppm. The
relative intensities for the 3.8 ppm peak and the negative peaks
are not consistent with the 2:1 multiplicities of the tetrahedral

This journal is © The Royal Society of Chemistry [year]
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Fig. 11 (a) Electrochemical curve of Li-Sb obtained at a cycle rate of C/30. A series of samples were extracted from batteries stopped after
discharging/charging to different states, as indicated by the red dots. The corresponding ’Li static and MAS NMR spectra are shown in (b) and (c),
respectively. All spectra were acquired at 9.4 T; MAS spectra were collected with a rate of 30 kHz.
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and octahedral sites filled by Li in stoichiometric Liz;Sb. We, there-
fore, ascribe the shifts to the changes in electronic structure (and
mobility) induced by non-stoichiometry in LizSb.

The factors that control the ®7Li shifts in lithium intermetallics
are still unclear, many of these compounds being either semi-
conducting or semi-metals. The larger range of shifts for Li,Sb
than Li3;Sb is, however, consistent with a smaller or zero band
gap, although this does not simply explain the observation of the
negative resonance. Negative resonances have been observed in
the lithium silicide and germanide systems in aromatic silicides
(Lij2Si7) and in defective Li;5Sis and (stoichiometric and defec-
tive) LijsGey>*°°, the latter compounds being very small gap
semiconductors.

Static 7Li NMR spectra (Fig. 11c) were acquired to assist in
assigning the resonances observed during subsequent in situ NMR
studies. The resonances observed at 40 and -17 ppm during the
MAS study cannot be observed and are presumably buried under
the broad baseline. However, the series of shifting resonances
observed ex situ can be monitored with relative ease via static
NMR experiments, as demonstrated in Fig. 11c. This suggests
that any changes in chemical shift observed during in situ NMR
studies will provide valuable insight into the phases formed.

In situ "Li NMR Studies In situ "Li NMR studies were
completed for the first cycle of a Li-Sb cell at a rate of C/30
(Fig. 12). During in situ NMR experiments the appearance of res-
onances corresponding to Li metal and the electrolyte can make
it difficult to accurately deconvolute spectra and identify any
changes occurring. As a result, “difference spectra” are plotted
for the spectra acquired between the two red dots denoted on the
voltage-time profile in Fig. 12. Each spectrum was obtained by
subtracting the pristine spectrum, i.e., a background spectrum of
the cell acquired before electrochemical cycling, from the spectra
obtained during cycling.

No obvious changes are observed during the first 10-15 hours
of reaction, corresponding to the formation of Li,Sb. This is con-
sistent with the static ex situ NMR studies, where resonances cor-
responding to Li, Sb were buried under the baseline. Upon further
lithiation, a resonance at approximately 4 ppm appears and grad-
ually increases until the end of discharge. This is in contrast to
our ex situ NMR study, where resonances with different chemical
shifts were observed at different depths of lithiation. During the
first 5 hours of charge, the resonance at 4 ppm shifts gradually to-
wards negative chemical shift, reaching approximately -10 ppm.
Upon further delithiation, the resonance remains at -10 ppm and
the intensity decreases until the end of charge, where it disap-
pears completely.

The resonance observed at 4 ppm during discharge is assigned
to stoichiometric LizSb. The resonance that shifts from 4 to -10
ppm during charge in the in situ NMR experiment, and from -1.4
to -8.9 ppm during the ex situ study is assigned to the delithi-
ated Li3Sb phase, Li;_,Sb. This is in good agreement with the
first-principles calculated formation energies and free energy of
Li;_,Sb, and the suggestion that holes are created upon lithium
removal from cubic LizSb (see Fig. 2c). Moreover, this agrees
with the suggestion that the structure of Li3Sb can tolerate some
degree of off stoichiometry by introducing Li vacancies.
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4 Discussion

Although the charge and discharge of Sb electrodes appears facile
and stable over many cycles, it nevertheless exhibits path hystere-
sis. 2324 The discharge voltage profile (i.e. during Li insertion)
has two plateaus with a small step corresponding to the forma-
tion of Li,Sb, while the charge voltage profile (Li extraction) has
a single plateau between Li3Sb and Sb. The voltage interval in
which Li,Sb is stable relative to Sb and Li3Sb is very small (~
0.04V as predicted from first principles) and may not appear as a
sharp step in experimental discharge voltage profiles. Neverthe-
less, there is a consistent difference of ~ 0.2-0.3 V between charge
and discharge with in situ XRD indicating the formation of Li,Sb
upon discharge, but its absence during charge.24 This behavior is
confirmed with the ex situ NMR measurements performed in this
work.

The occurrence of a phase transformation requires some degree
of supersaturation, or in electrochemical terms an overpotential
relative to the equilibrium potential of two-phase coexistence. It
is only then that thermodynamic driving forces for transformation
exist. A thermodynamic driving force is defined as a difference
between the free energy of the stable phase and the metastable
(supersaturated) phase. The grand canonical free energy defined
as

¢ =g —Upix 4

is the relevant thermodynamic potential when electrochemically
controlling the Li chemical potential through the cell voltage (see
Eq. 3). In Eq. 4, g is the Gibbs free energy normalized by the
number of Sb, Ng;,. Figure 13 shows the calculated grand canoni-
cal free energies of a-Sb, -Li,Sb and y-Li3Sb as a function of volt-
age. Thermodynamic equilibrium at constant voltage (or equiva-
lently at constant ;) is determined by the phase with the lowest
grand canonical free energy ¢. Chemical potentials (or voltages)
where grand canonical free energies of different phases cross cor-
respond to equilibrium phase transition voltages. It is at these
voltages that a plateau emerges in the voltage profile due to a dis-
continuous change in concentration when going from one phase
to the next. As is clear in Figure 13, high voltages (above 0.87
V) stabilize «-Sb, while low voltages below 0.83 stabilize y-Li3Sb.
The B-Li,Sb phase is only stable in a narrow voltage window of
~ 0.04 eV. It can be shown that the slopes of the grand canonical
free energies in Figure 13 are proportional to the Li concentra-
tion x. Since B-Li,Sb and 7y-Li3Sb have similar Li concentrations,
their grand canonical free energy curves, ¢ and ¢, have similar
slopes.

The similarities in the slopes of ¢# and ¢? as a function of
voltage leads to a strong asymmetry in driving forces when trans-
forming from «-Sb to -Li;Sb during discharge versus transform-
ing from 7y-Li3Sb to B-Li,Sb upon charge. During discharge of an
Sb electrode, an underpotential (polarization), AV, relative to the
equilibrium «-Sb — B-Li,Sb voltage of ~ 0.87 V is required to
create a driving force, Ap® B = 9B — ¢, for the transformation.
As is evident in Figure 13, this driving force very rapidly becomes
large with increasing underpotential AV. While a driving force for
a a-Sb to y-LizSb, A¢%7, also emerges with an underpotential,
it is approximately as large as A¢%B. In the opposite direction,
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when charging y-Li3Sb by increasing the voltage above the equi-
librium 7y - B transition voltage of 0.83 V, the driving force to form
B-Li>Sb, A¢p?P does not increase markedly with over potential
since ¢ and ¢P have similar slopes and run almost parallel to
each other. Instead, for overpotentials AV larger than ~ 0.02 eV,
the driving force for the formation of «-Sb directly from y-LizSb,
AP77%, emerges and very quickly becomes substantially larger
than A¢"B. Figure 13 illustrates a general principle that the
driving forces for transformation between phases having similar
Li concentrations increases less rapidly with over (under) poten-
tial than that between phases having very different concentra-
tions, when controlling the Li chemical potential electrochemi-
cally.

The asymmetry is further amplified when considering driving
forces for nucleation. Nucleation driving forces and barriers play
a key role in phase selection during a phase transformation. The
driving force for nucleation is more conveniently represented in
Gibbs free energy versus atomic fraction, z, diagrams as schemat-
ically illustrated in Figure 14a. The Li chemical potential of a
particular phase, a for example, corresponds to the intercept of
the tangent to the free energy of o with the z=1 axis. A driving
force for nucleation of a new phase  within a preexisting phase
o can only emerge if a is supersaturated with respect to its equi-
librium solubility limit z* determined by the common tangent to
the free energies of o and 8 as shown schematically in Fig. 14a. A
supersaturation in Li concentration (z > z%) results in an overpo-
tential Ay relative to the equilibrium Li chemical potential, u;7,
of the @ — B two-phase coexistence. The overpotential Ayy; can
be represented graphically in a free energy versus concentration
plot as illustrated in Fig. 14a. According to Eq. 3, this overpo-
tential in Li chemical potential is equal to -eAV, where AV is an
underpotential in voltage. As shown in Fig. 14a, the driving force
for the nucleation of a new phase, 3, in a supersaturated phase,
o, is equal to the distance between the free energy of  evalu-
ated at the composition of nucleation, zﬁuc, and the tangent to
the free energy of the supersaturated o phase.>®. While there are
no a priori constraints on the concentration of the nucleus, zguc,
here we will assume that the new phase nucleates at the same Li
chemical potential as that of the parent phase. This is illustrated
graphically in Fig. 14a.

Fig. 14b graphically shows the nucleation driving forces for -
Li,Sb and y-Li3Sb in a supersaturated a-Sb phase when an un-
derpotential of 0.1V relative to the equilibrium voltage plateau
for the a-Sb to f-Li,Sb reaction is imposed. As is clear from
Fig. 14b, the driving forces Ag%? and Ag%¢” to nucleate B-Li»Sb
and y-Li3Sb from a supersaturated a-Sb phase upon Li insertion
are very similar. Fig. 14c shows the nucleation driving forces for
B-Li,Sb and «-Sb, Ag}’m—zp and Agh.%, when an overpotential of
0.1V to extract Li from y-LizSb is imposed relative to the equilib-
rium voltage of the y-Li3Sb to B-Li,Sb reaction. In this case, the
Aghe% is substantially larger than Ag},/zﬁ . The much larger dif-
ference in concentration between «-Sb and y-Li3Sb compared to
that between f-Li;Sb and y-Li3Sb results in a lever effect that sig-
nificantly enhances the nucleation driving force for a-Sb relative
to that for B-Li,Sb.

The lever effect becomes more apparent when the driving force
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Fig. 14 (a) Schematic illustration of the driving force for the nucleation
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plateau for the a-Sb to B-Li,Sb reaction is imposed. (c) The nucleation
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for nucleation is plotted as a function of over (under) potential.
Fig. 15a shows the nucleation driving force for B-Li,Sb and y-
Li3Sb when an underpotential to insert Li is applied to o-Sb. Since
the concentrations of Li;Sb and Li3Sb are very close to each other,
the nucleation driving forces for both phases are almost identical
in value, especially for large over potentials. Consistent with this,
weak Li3Sb resonances are observed even in the Lij75Sb sample
(i.e., during the Sb-Li,Sb process). The situation is very differ-
ent when applying an overpotential to extract Li from y-Li3Sb, as
shown in Fig. 15b. The driving force for the nucleation of a-Sb
exceeds that of 3-Li,Sb already at overpotentials as small as 0.03
eV. The insertion of Li into a-Sb, therefore, results in compara-
ble driving forces for §-Li;Sb and y-Li3Sb at all but the smallest
overpotentials while the extraction of Li from 7y-Li3Sb very quickly
produces much larger driving forces for the nucleation of o-Sb
than for B-Li,Shb.

The thermodynamic and kinetic properties calculated in this
work along with the NMR observations suggest that much higher
overpotentials are accessible in y-Li3Sb than in o-Sb. Li is re-
markably mobile in y-Li3; Sb, with migration barriers predicted be-
tween 0.1 to 0.13 €V. These migration barriers are lower even
than those encountered in intercalation compounds.3449-51 Fur-
thermore, the calculated free energy of off-stoichiometric y-Li3Sb
indicates that this phase can very easily tolerate a high concentra-
tion of vacancies. The metastable part of the calculated voltage
profile of y-Li3Sb (Fig. 7) shows that overpotentials of ~ 0.2 are
easily achievable through the introduction of Li vacancies. Li can
therefore be extracted very rapidly from y-Li;Sb and in large num-
bers, resulting in high overpotentials. This is supported by the in
situ NMR measurements, which show that Li extraction from y-
Li3Sb results in large off-stoichiometry. The predicted Li mobility
at dilute concentrations within the A7 crystal structure of Sb, in
contrast, is very low, with migration barriers around 0.7 €V and
above. Reaching large underpotentials due to the insertion of Li
in excess of the solubility limit of o-Sb (with respect to 3-Li;Sb
formation) will not occur rapidly as a result of sluggish Li mobil-

ity.

As with path hysteresis in CuTi,S4, a model displacement re-
action analyzed using a first-principles multi-scale approach,1°
path hysteresis in the Li-Sb alloying reaction arises from a very
high Li diffusion coefficient in the fully lithiated phase. The ki-
netic ease of extracting Li from the fully lithiated phase renders a
metastable path kinetically more accessible than the true equilib-
rium path. The lever effect on the nucleation driving forces then
likely leads to the nucleation of a-Sb rather than the thermody-
namically more stable intermediate -Li,Sb phase. In the Li-Sb
system, path hysteresis upon charge (i.e. Li extraction) should
be avoidable if Li extraction occurs sufficiently slowly in a volt-
age window where a driving force to nucleate 3-Li,Sb exists but
where a similar driving force to nucleate -Sb is not present. Nev-
ertheless, path hysteresis may be difficult to suppress using real-
istic charge rates, since (-Li;Sb is thermodynamically stable in
only a very small voltage window and the Li mobility in Li3Sb is
exceptionally high.
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5 Conclusion

The aim of this work was to identify the origins of phase transfor-
mation hysteresis during the electrochemical cycling of Sb elec-
trodes in Li-ion batteries. The phases that form during the elec-
trochemical reaction of Li with Sb electrodes (¢-Sb, -Li,Sb and
Y-LizSb) are crystallographically very similar. While 3-Li,Sb and
¥-Li3Sb are line compounds in the Li-Sb phase diagram, our first-
principles statistical mechanical analysis suggests that they can
tolerate high concentrations of Li vacancies without incurring a
large free energy penalty. Calculations of Li migration barriers
predict that Li has a very low mobility in «-Sb, having to over-
come migration barriers of the order of 0.7 €V. Li is, however,
predicted to be remarkably mobile in y-Li;Sb and f-Li;Sb with
migration barriers between 0.15 and 0.25 eV. Mobility is seen ex-
perimentally for non-stoichiometric y-Li3Sb. An analysis of nucle-
ation driving forces reveals a large lever effect upon Li removal
from y-Li3Sb, with the nucleation driving force for a-Sb exceed-
ing that for B-Li,Sb already at small overpotentials. This, to-
gether with a very high Li mobility in y-Li3Sb, which facilitates
large overpotentials, provides an explanation for the phase trans-
formation hysteresis observed when cycling Sb electrodes. NMR
experiments are in agreement with these proposals, 3-Li;Sb and
¥-Li3Sb being observed on discharge, charge occurring first via the
delithiation of y-Li3Sb and then the transformation of Li;_,Sb to
Sb. The results show that non-stoichiometry of the alloy phases
coupled with rapid Li transport can play a critical role in con-
trolling the structural pathways taken by electrode materials on
charge.

The triggers of phase transformation hysteresis identified here
for the Li-Sb alloying reaction are likely also prevalent in inter-
calation compounds and other alloying reactions that suffer from
path hysteresis. While high cation mobilities are usually desir-
able, especially when the equilibrium path passes through a solid
solution, it may lead to path hysteresis when kinetically more
sluggish phase transformations must also occur. The overpoten-
tials that arise when the electrode passes through a metastable
solid solution can lead to thermodynamic driving forces to trans-
form to phases having a larger change in Li concentration than in-
termediate phases along the equilibrium path. This will be more
likely in systems where intermediate phases are only globally sta-
ble in a narrow voltage window, as is the case for Li,Sb in the Li-
Sb system. These principles suggest that the suppression of path
hysteresis requires a careful balance among all competing kinetic
processes during Li insertion and removal, especially between the
rates of Li diffusion and phase transformations.
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