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Development of novel alloy-based anodes has the potential to increase the energy storage capacity of current Li-
ion based energy storage technology. In particular, Si-based anodes are of interest due to their high theoretical
capacity, but suffer from poor cycle and calendar life stemming from large volumetric expansion and a non-
passivating solid-electrolyte interface. The addition of amorphous components to the Si anode has been
shown to improve the mechanical and chemical stability during lithiation. In this study, we use density func-
tional theory (DFT) to probe the thermodynamics of amorphous alloy formation in a range of binary Si-X alloy
systems, where X constitutes any element from periodic table groups 1-17. The alloying elements are classified as
active or inactive components based on the reactivity with Li, where active elements form stable binary com-
pounds with Li and inactive elements do not. We find that when alloying inactive elements, most inactive
components do not fully reduce and hence result in the extrusion of metallic phases. Formation of Si-X com-
pounds with no reactivity to Li results in deactivation of Si and decreased capacity. Alloying with Li-inactive
elements also bypasses early Si lithiation stages and decreases the onset potential for lithiation. Most of the
Li-active elements do not form stable Si-X binaries or Li-Si-X ternaries, resulting in lithiation potentials composed
of voltage steps matching those of the base elements (Li,X and Li,Si), while the others may not be of much
practical use due to their high lithiation potentials or preciousness, but may buffer against volumetric expansion.

1. Introduction

Lithium-ion secondary batteries are currently the dominant energy
storage technology for consumer electronic devices and are increasingly
in demand as the adoption of electric vehicles and renewable energy rises
[1-3]. Current generation Li-ion batteries, utilizing graphite intercala-
tion materials, are nearing their limits for energy storage, and continued
improvements in negative electrode energy density require the transition
to alternative anode materials [4]. Silicon has been suggested as a
replacement for graphite in Li-ion batteries due to its high theoretical
capacity in conjunction with its high abundance and global production.
Amorphous Si delivers up to 3579mAhg~! when cycled at room tem-
perature. However, concurrently Si suffers from electrode performance
degradation resulting from the significant volumetric expansion associ-
ated with Li alloying [5-8] as well as the formation of an unstable solid
electrolyte interphase (SEI) which leads to continuous electrolyte
decomposition and loss of Li inventory [9,10]. Strategies to mitigate
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volumetric expansion primarily involve nanostructuring to introduce
void space, allowing for particle swelling and reducing internal stress
during cycling [5,11]. However, nanostructuring also accelerates elec-
trolyte reduction by increasing the contact area between the active ma-
terial and electrolyte, resulting in low initial coulombic efficiency [12].
Amorphous Si has yielded marked improvement in mechanical stability
due to the absence of phase separation during lithiation, reducing stress
originating from phase boundaries between distinct lithiated phases
[13]. Attempts to promote the formation of a suitable SEI have found
improved capacity retention and extended cycle life but still fall short of
requirements for commercial application [14,15]. Alloying Si with other
elements is another effective strategy to mitigate volume expansion and
modify SEI formation by modulating lithiation voltage, volumetric
expansion, surface reactivity, and phases formed during cycling [16-19].

Alloyed elements are either active or inactive depending on their
reactivity with Li. Elements that form stable binary phases with Li (such
as Si, Ge, Sn, and Sb) are considered active, while those that do not form
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stable binaries (e.g. Ti, Cr, Mn, and Ni) are deemed inactive [11,20]. The
alloys of active elements have received much attention, as the electro-
chemical characteristics of alloyed active components can be markedly
different from the individual elements [11,21]. Additionally, the pres-
ence of a third element in these glasses is associated with increased
fracture toughness, leading to higher mechanical stresses during cycling
which suppresses the formation of the crystalline Li;5Si4 phase, which is
known to contribute to electrode cracking and voltage hysteresis [13,
22]. Although high stress from lithiation typically results in the frac-
turing of Si, amorphous materials such as metallic glasses exhibit higher
yield strength, fracture toughness, and resistance to crystallization and
may be capable of withstanding forces associated with lithiation
[23-25]. While the alloying of inactive elements, especially at high
concentrations, is detrimental to energy storage capacity, the inclusion
of these components lowers the maximum volumetric expansion, similar
to the inclusion of void space through nanostructuring [19]. Conse-
quently, compared to a-Si with a depth of charge restricted to similar
volumetric expansion, alloys yield a decreased average voltage and
increased energy density.

While much work and several extensive reviews are devoted to the
performance of Si-based alloy electrodes [11,20,26], most predictions of
lithiation behavior use the known crystalline phases from the Materials
Project [11,27,28]. While this approach may be sufficient in systems
with high ionic diffusivity, such as Sn, which lithiate through a series of
crystalline phases, ionic diffusivity in crystalline Si is sluggish and
amorphization is pervasive [11,16]. Therefore, examining the crystal-
line polymorphs likely results in an incomplete picture of the systems,
since only a handful of lithiated compositions are represented in the
calculation set. An understanding of formation of binary Si alloys and
their corresponding lithiated amorphous alloys is necessary when
designing alloying and conversion electrodes. In this work, we present a
comprehensive ab-initio study of the thermodynamics and lithiation
characteristics of amorphous binary Si-X alloys and/or compounds.
Although some elements may be unsuitable for use in Li-ion batteries
due to their toxicity, high cost, or low abundance, we include these el-
ements for completeness and comparison.

2. Computational methodology
2.1. Methods

For all elements investigated, we sampled amorphous structures
using ab-initio molecular dynamics (AIMD) and Density Functional
Theory (DFT), similar to previous work on the Li-Si and Li-Si-O systems
[29]. High-throughput workflows were implemented in the mpmorph
[30] software package using the atomate [31], fireworks [32], and
pymatgen [33] python packages. A modification to the volume rescaling
approach was necessary for robust and accelerated convergence of
equilibrated liquid melts. Density convergence was achieved by running
three parallel AIMD simulations with different densities, regression
analyses of the Birch-Murnaghan EOS (shown in Eq. (1)), and identi-
fying V such that P(V) = 0 [34,35].
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All Density Functional Theory (DFT) calculations were performed
using the Vienna Ab-initio Simulation Package (VASP) [36,37], with
projector augmented-wave (PAW) potentials [38] along with the
Perdew-Burke-Ernzerhof (PBE) generalized-gradient functional (GGA)
[39] and the GGA+U extension [40] where applicable. The Python
Materials Genomics (pymatgen) package was used to generate input files
with calculation parameters (U values, convergence criteria etc)
consistent with those of the Materials Project [27,33]. Structure opti-
mizations were performed using the MPRelaxSet within pymatgen, with

P(V)
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a plane wave energy cutoff of 520eV with a minimum reciprocal lattice
density of 64 per per A-3. AIMD simulations utilized a plane-wave cutoff
of 400 eV, one I' centered k-point, and a time step of 2fs as documented
in the MPMDSet.

2.2. Thermodynamic stability

Formation energy is used to compare the relative stability of com-
pounds to their elemental constituents. The formation energy for the
amorphous and crystalline phases is calculated with respect to the
crystalline phases according to Eq. (2).

Ur (LinSii-n—yXy) = U(LinSi—n—yX,) — nU(c —Li) — (1—n—y)U(c — Si)
—yU(c=X)
(2)

To evaluate the relative stability of the crystalline phases available in the
Materials Project [27], a ternary phase diagram was generated for each
chemical system. The phase diagram is constructed from the convex hull
of composition and formation energy (Ur), such that phases coincident
with the hull represent thermodynamically stable equilibrium phases
[41] at low temperatures. Tie-lines, or line segments, connecting two
stable points represent a two-phase equilibrium, such that materials
with composition falling on the tie line will be predisposed to decom-
posing to form the bounding phases. Likewise, tie-triangles correspond
to three-phase equilibria, where materials with formulas coincident with
the triangles are composed of the phases at the vertices.

In addition to the construction of the crystalline phase diagram, we
compose a hull for the amorphous phases. As there exists no well
defined amorphous structure, an ensemble of ten amorphous structures
are sampled and their formation energies are averaged. Structures are
sampled uniformly in time from a 10ps AIMD simulation at 4000K,
with samples corresponding to DFT relaxation of the simulation cells
observed at 1, 2, 3, ..., 9, and 10ps. An analysis of the distribution of
formation energies is shown in Fig. S1. The amorphous convex hull is
constructed in similar manner to the crystalline phase diagram, how-
ever all the crystalline energies are omitted except for BCC Li. In the
absence of long and medium-range order and insufficient kinetic en-
ergy to overcome barriers for structural reorganization, decomposition
into stable crystalline phases will be slow and the amorphous hull may
be used to predict the lithiation behavior of Si-X alloys. Employing
anode alloys that do not react with Li tends to result in Li metal
plating, which motivates the use of the BCC polymorph as a reference
state for Li.

An example phase diagram is shown in Fig. 1 for a Li-Si-X system.
Interpreting the lithiation pathway from the ternary phase diagrams
follows a line segment connecting the composition with the pure Li point
with considerations to the phase equilibria. A sample lithiation pathway
is provided for a-XSis (indicated by the yellow circle), which passes
through the tie-triangles L, II, III, and IV, each corresponding to unique
lithiation multi-phase stages for the material. In stage I, Li alloys with Si
and extrudes XSiy, quantities determined by applying the lever rule at
the point of intersection with the XSi,-LiSi tie line. Continued lithiation
in stage II results in the displacement of XSi, a more X rich alloy, from
XSiy and formation of more LiSi. In stage III, Li alloying converts LiSi
into Li;sSi4 with no change to XSi. Lithiation is bounded by stage IV
since all present phases are in equilibrium with Li. Therefore, Li alloying
is less favorable than Li plating at the electrode. Similar to stage IV, alloy
formulations coincident with the XSi-X4Si-Li (V) and X4Si-X-Li (VI)
phase equilibria are not expected to lithiate.

Extending from the convex hulls and phase diagram, the equilibrium
lithiation potentials for crystalline and amorphous materials are pre-
dicted [29,42]. As a summary, the lithium chemical potentials are
determined for each three-phase equilibria in the crystalline phase di-
agram and amorphous convex hull. The Li chemical potentials are then
related to the potential, E, by Eq. (3).
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Fig. 1. Example phase diagram for a Li-Si-X ternary system with all 3-phase
equilibrium regions labeled. Stable phases are noted by green circles. Lith-
iation pathway of XSis (marked in yellow) is drawn with a dashed grey line.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Po; = Hy; = neE 3
where y;; is the chemical potential of Li within the lithiated phase, p, is
the reference chemical potential of BCC Li metal, e is the elementary
charge of an electron, and n is the moles of Li inserted per mole of the
host.

The estimated full stack energy (FSE) density of an 18,650 cell is
calculated as a more useful metric to compare an alloy electrode with
graphite, with a baseline of 726Wh L1, as proposed by Obrovac et al.
[11] The FSE density calculation is inversely related to the average
voltage and directly related to the volumetric capacity, such that lower
average voltage and higher volumetric capacity yields a higher FSE.

3. Results and discussion
3.1. Activity of elements

In general, the Li-activity of the pure elements in their amorphous
phases tracks with that of the literature reports derived from calcula-

tions of the crystalline phases found on the ICSD and the Materials
Project, as shown in Fig. 2. Deviations include C, Cu, Mg, Ca, Sr, and Ru.
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While the intercalation of Li into graphite is well studied, amorphous
carbon is not as well understood. Dahn et al. estimate a maximum
lithiation capacity corresponding to a-LipsC [43] which is enabled by
lithiation of short-range graphitic environments. However, in our cal-
culations, we find no capacity for a-C, which is attributed to the struc-
tural dissimilarity between our amorphous carbon structure and
literature-reported a-C. Contrary to the disordered amalgamation of
graphitic domains, our sampled a-C structures - formed through the
melt-quench workflows - are comprised of layered amorphous
graphene-like sheets which break down into carbon chains upon lith-
iation. Indeed, it is well-known that amorphous carbon capacity varies
widely, depending on the degree and type of disorder [44-46]. It is
generally accepted that Cu is inert; in fact, its electrochemical stability
with respect to Li and high electronic conductivity have made it the most
common anode current collectors [47]. However, within the Materials
Project, a theoretical phase of tetragonal intermetallic LiCug
(mp-862658) is found to be stable at low temperatures. In addition, we
find that the formation of amorphous intermetallic Cu-Li alloys to be
stable relative to a-Cu and c-Li. Published Cu-Li phase diagrams observe
solubility of Li in Cu at 23°C, up to Li;3Cugy, and depicts the existence of
a CuyLis phase between ~ 500K-840K, although Cu;Lis is predicted
from temperature dependent EMF measurements, but was not directly
observed in DTA or XRD studies and has, to date, no reported structure
in the ICSD [48]. In support of this, Li interdiffusion with Cu is observed
in several studies, however, only a few nanograms were found to diffuse
over 28 days at room temperature [49]. This suggests that alloying re-
actions between Li and Cu are severely kinetically hindered. From
Fig. S9, S14, and S31 we find no form stable amorphous Li-X phases
forming with the Alkaline Earth metals (Mg, Ca, and Sr). Similarly, no
stable crystalline Li-Sr phases are found. In contrast, multiple stable
crystalline Li-Mg phases exist and one stable crystalline Li-Ca phase
exists, although its(LioCa) formation energy is only 12meV atom™!
Li-Mg has been demonstrated to alloy with Li in experiments, however
large capacity fade and low rate capability are observed, primarily
attributed to the formation of high impedance surface films [11]. The
LipCa phase is reported in studies, however, the plating of Li metal is
observed due to the low lithiation potentials of Ca [50]. While Obrovac
et al. classify Ru as an active element, it is believed that the storage of Li
does not occur through an alloying or intercalation mechanism [51].
Our calculations support this fact, finding no lithiation for amorphous or
crystalline Ru.

A summary of electrochemical characteristics of the active elements
are tabulated in Table 1. Most elements exhibit volumetric capacities 2-
3x greater than graphite (850AhL~!) [52] and consequently, most
alloying strategies are expected to improve on the energy density of an
18,650 full cell, as compared to graphite. Notable exceptions include the
Pnictogens (P, As, Sb), Chalcogens (O, S, Se, Te), and Halogens(F, Cl, Br,

Fig. 2. Periodic table with the predicted active (blue) and inactive elements (red). Elements in orange form thermodynamically stable crystalline binary Li-X phases,

but the amorphous phases are not predicted to lithiate. The elements in grey were not included in this study. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Table 1
Electrochemical Characteristics for all amorphous active elements.
Max Average Specific Volumetric FSE
Volume Voltage Capacity Capacity Improvement
Expansion (E) (mAhg1) (AhL™1) (%)
(%)
B 210 0.24 2480 1900 37
Al 300 0.089 2980 1880 43
P 250 0.56 3480 2110 27
S 50 1.7 2100 1770 -18
Cu 59 0.12 212 1120 28
Zn 100 0.27 410 1390 29
Ga 150 0.25 770 1710 34
Ge 310 0.25 1480 1940 37
As 180 0.69 1250 1960 21
Se 39 1.7 680 1450 -21
Br -6 3.0 337 759 -73
Rh 310 0.13 781 2130 44
Pd 420 0.26 1010 2110 39
Ag 280 0.16 745 1850 40
cd 220 0.12 715 1710 39
In 170 0.18 700 1680 36
Sn 260 0.25 1020 1870 36
Sb 190 0.54 880 1790 24
I -15 2.4 212 569 -57
Te 54 1.4 421 1190 -14
Ir 200 0.26 279 1920 37
Pt 390 0.39 553 2150 34
Au 250 0.46 408 1940 29
Tl 200 0.12 525 1770 40
Pb 200 0.19 517 1740 37
Bi 180 0.43 516 1700 28

I) which exhibit lithiation potentials in excess of 1.0V vs Li/Li* due to
the formation of highly stable ionic compounds. In full cells, these ele-
ments would not yield a high potential difference and therefore would
exhibit low energy density, evidenced by the negative full stack energy
(FSE) improvement in Table 1.

Gaseous elements, such as Hy, No, O,, and F,, are omitted in Table 1,
due to the lack of a well-defined solid-state reference and the difficulty
in reporting derived quantities. In addition, materials prone to gas for-
mation would require additional considerations to alleviate internal
pressure and cell swelling. These chemistries, while impractical for
anode materials, have been successfully used as cathode materials in
systems such as lithium-sulfur or lithium-air batteries [53].

3.2. Binary and ternary si alloy formation

When alloying Si with another component, the ability of the two
elements to mix and form stable binary alloys plays a significant role in
the synthesis and performance of a material. When alloying with ele-
ments that form stable Si-X phases, synthesis of a phase-pure amorphous
material may be relatively easy. The elements that do not form stable Si-
X phases are immiscible and will tend to decompose into a composite of
two elemental phases. Multiple thermodynamic and kinetic factors
govern the formation of separated phases and domain size distribution.
High interfacial energy will bias towards phase segregation and promote
the formation of distinct Si and X regions while contributions to the free
energy from the mixing entropy will stabilize mixtures. Conversely, low
solid state diffusivities may inhibit the migration of alloy components,
preventing structural transformation. Hence, due to these competing
factors, careful modulation of synthesis and processing conditions
related to cooling rate is necessary to control phase segregation. Non-
equilibrium methods such as splat quenching, sputtering, and mechan-
ical milling may form metastable Si alloys with near homogeneous
elemental distributions. An example of this is the tuning of segregation
in Si-Ge alloys through annealing temperature and sputtering time
presented by Kim et al [54].

Alloys of immiscible components with more uniform element dis-
persions will exhibit an increased formation energy relative to their
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composite counterparts. Using the computed formation energy as a
strong indicator of lithiation potential of the host alloy or more stable
lithiated intermediates results, we surmise that the increased formation
energy of homogeneous alloys will translate to an increased lithiation
potential, in particular at early lithiation stages.

While phase segregation is not ideal, electrodes constructed from
these materials have nevertheless shown improved performance. The
formation of nanocomposites of two active elements via phase segre-
gation during synthesis has shown improved cycling, as compared to Si,
and the homogenization of these materials may even be seen after
cycling [55].

The tendency for elements to form stable amorphous binary alloys,
defined by the presence of at least one composition on the Si-X convex
hull, with Si is shown in Fig. 3. Cross-referencing with the Li alloying
activity (Fig. 2), we find that all inactive alloys are found to form stable
crystalline Si-X phases. We find parity between the amorphous and
crystalline when considering the Si-X phases, which are stable relative to
their pure amorphous termini, except for C, Na, and K, for which no
amorphous Si-X phases lie on the amorphous hull. In the active ele-
ments, we find B, C, and Au to form stable amorphous binary phases, but
not crystalline.

Formation of a binary, however, does not preclude the phase
decomposition during cycling. For chemical systems without stable
ternaries, Si rich and Si poor regions may form during the alloy process
with Li. Coarsening of these inhomogeneous regions is dependent on the
diffusion kinetics, where fast diffusion will result in more pronounced
phase separation. While Li diffusivity may be system dependent, in Si,
diffusion is enhanced with Li alloying, reducing the barrier to growth of
inhomogeneities [29,56]. While nanocomposite Si-M may be able to
absorb stresses caused by inhomogeneous lithiation, larger regions may
strain the material more, leading to stress induced cracking. In this re-
gard, alloys that form many thermodynamically favorable ternary
phases may be more stable, since they may undergo less drastic struc-
tural reorganization during lithiation and delithiation. Inclusion of all
elements into a ternary would limit the separation of X and Si atoms to a
few coordination shells.

Elements with unfavorable Si-X bonding which do not form binary
phases do not form stable ternaries, here defined as a composition that
forms a vertex on the amorphous hull. The energy above hull for these
decreases with increased Li(example seen in SI fig S43 and S42, sug-
gesting that Li buffers the repulsive interactions through the formation
of Li-X and Li-Si bonds. The energy above hull is low enough that the
entropic contributions to free energy may be sufficient to stabilize these
ternaries near room temperature. At room temperature (23°C) the en-
tropy of mixing, estimated using Boltzmann’s equation, contributes up
to 28meV atom 1, therefore phases up to 28meV atom~! above the hull
may be stable. Conversely, the favorability of Si-X bonds does not
guarantee presence of a stable ternary phase as, for example, twelve of
the elements which are miscible with Si do not form ternaries.

We find that a few elements exhibit a rich chemistry of ternary
amorphous phases, including Ca, Cu, Ru, Rh, Pd, Ir, and Sr. In these
systems, most calculated compositions do not deviate more than 10meV
atom™! from the amorphous hull. We expect that these systems will
exhibit featureless voltage curves, since there is no preferential phase/
composition. This is indeed the case for CaSiy, which is reported to have
a featureless, sloping voltage curve [57]. The calculated discrete volt-
ages, seen in fig. S72, for Ca25Sip7s and CagsSips show several lith-
iation voltage steps, each with relatively small capacities and we expect
that - if many more amorphous compositions were sampled - a smooth,
sloping lithiation profile would emerge.

3.3. Inactive alloys

Since all inactive elements are miscible with Si, the main differen-
tiating factor in the evolution during lithiation is the ability to form
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Fig. 3. Periodic table indicating the tendency for elements to form stable alloys or phases with Si. Elements with repulsive interactions with Si are shaded in blue,
while those forming bonds with Si are filled green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

B Amorphous Li-Si-X ternaries unstable
B Forms amorphous Li-Si-X ternaries

ternary alloys. Two representative amorphous hulls for these two groups
of Si/inactive alloy systems are shown in Fig. 5 for the Cr-Si and Fe-Si
systems, respectively.

Fig. 5 a is an example of an alloy component which forms binaries
with Si, but does not form favorable amorphous ternary Li-Si-X phases.
The two labeled composition ranges on the Si-Nb line correspond to:

e [-a) At low concentrations of alloyed inactive elements, the early
lithiation potential will match those of Si, forming two phases - a Li-
Si binary phase and Si-X phase. Once all Si has been exhausted, Li-Si
phases will lithiate as usual, while the Si-X phase remains un-
changed. When the composition intersects the NbSiy-LissSiss, lith-
iation further displaces more X rich Si-X phases. Lithiation depletes
the Si in Si-X, until NbsSis is reached, where no further lithiation is
expected due to the two phase equilibrium with BCC Li.

II-a) No lithiation is expected for alloys with composition falling
within this range. Because there are no nodes on the Li-Nb phase
equilibrium line, no Nb is not expected to lithiate. Additionally, these
phase equilibrium triangles predict a equilibria with Li, no capacity
is expected since Li plating is more favorable than Li alloying.

the boundary between I-a and II-a varies among the inactive ele-
ments as well as for the amorphous and crystalline materials. Generally,
alloying with X z > 50 will yield little to no capacity and should be
avoided. Based on our findings, we do not recommend alloying with
more than 33-40atom % of these inactive elements, since capacity is
significantly penalized above this composition.

Fig. 5b depicts an alloying element for which the of binary and
ternary amorphous phases are predicted to form. The formation of ter-

naries may be able to extend the range of alloys with lithiation capacity.
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Fig. 4. Ternary phase formation with Li and Si. Ele-
ments which form stable ternary phases are colored in

1.0 blue. Elements forming ternary compounds which all
lie above the convex hull are shaded purple. We note
0.8 that in some systems with stable ternaries, the ternaries
are stabilized by only <5meV atom~!. Caution should
0.6 be exercised in interpreting this binary categorization,

as numerical accuracy or entropy may destabilize the
ternaries with respect to the binary alloys or pure ele-

0.4 ments. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article.)

0.2

0.0

In these systems, the lithiation is bounded by the formation of the
ternary Li-Si-X phase rather than a Si-X binary. While inactive compo-
nents are not expected to contribute capacity and bind Si active mate-
rial, the formation of a ternary phase results in additional Li storage
when compared to those which do not form a ternary. In the case of Fe,
the formation of LiFe,Si, additional capacity is observed in Fe rich
Si;_.Fe; alloys (II-b in Fig. 5), as some metal is reduced and extruded.
Comparing Si-Fe to Si-Nb, an alloy with composition Nb,Si would not
alloy with Li while Fe,Si stores one Li per host formula unit.

In both phase diagrams in Fig. 5, it is clear that the alloyed inactive
metals do not get fully reduced and displaced, favoring the formation of
intermediate binaries or ternaries, consuming Si active material. In the
case of Nb, NbsSi3 is formed as an inert matrix and continued cycling
proceeds alloying (and dealloying) of the Li-Si binaries. It is commonly
cited that alloys derived from inactive elements do not actively partic-
ipate in compound formation with Li [11,20] and follow the reaction
shown in Egs. (4) and (5).

First lithiation:

X.Si_. +n(1 —2)Li* + n(1 —2)e"—>(1 — 2)Li,Si + zX Q)
Subsequent cycling:
Li,Si+ X«—Si + X +nLi" + ne” 5)

For an alloy to follow this chemical reaction, its corresponding phase
diagram must show an equilibrium between X, Li, and an Li-Si phase.
Thus, the Si-X binary phases must have a higher formation energy (less
stable) than the Li-Si phases. In our calculations, the methodology for
sampling amorphous configurations provides an upper bound on the
formation energy, where more sampling statistics can only decrease
formation energy. Therefore, in most of the inactive alloy systems, the
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Fig. 5. Sample amorphous hulls for Si/inactive alloys depicting chemical sys-
tems with a) no stable ternaries and b) stable ternaries formed. Stable and
unstable phases are represented by green circles and teal diamonds, respec-
tively. Red dashed line in b) is a projection of the Li-LiFe,Si tie-line and its
intersection with the Si-Fe equilibrium is the cutoff between I-b and II-b. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Li-Si alloys will always be more stable than the Si-X alloys. Amorphous
Mn, Si; _, is the only system found, among the amorphous and crystalline
Si-X, to completely extrude Mn metal and is shown in Fig. 6. In this
system, lithiation is bounded by the Li-M-Li4Si equilibrium with a final
lithiation state coincident with the M-Li,Si tie-line. More accurate
chemical reactions to describe most Si/inactive alloy materials are
shown in Egs. (6) and (7):
First lithiation:

X, Siy + onLi* + éne” —6Li,Si + X,Si(y—s) (6)
Subsequent cycling:
LiySi + X, Si(y_5) < Si + X, Si(y—s) + nLi* + ne” %)

where the inactive element deactivates Si active material through the
formation of X rich binary alloys. Upon delithiation, Si may not quickly
re-alloy with the inactive Si-X phase extruded, due to the sluggish ki-

47

Energy Storage Materials 53 (2022) 42-50

@ Amorphous Hull Points

¢ Amorphous Li
LisSi
Li;gSis —»
Li17Si5 — *

LioSia —> &M o\ o
Li2§5i1=5 ;;’

LI3SI2 R
Lisi s o Li>(MnSi)e
LizeSias, \ Ml , : "
&
Si Mn
Mn45i7 MnSi

Fig. 6. Li-Mn-Si phase diagram showing the only system tending to extrude
pure metal. Any Mn,Si(;_,) material will intersect the Mn-Li4Si phase equilib-
rium and displace Mn metal.
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stable ternaries. Stable and unstable phases are represented by green circles and

teal diamonds, respectively. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

netics for Si diffusion. In support of this, Yang et al. reported electro-
chemically inactive NiSi, nanowires coated with Si which cycled
reversibly without affecting the NiSi, core [58,59].
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Therefore, decreased average voltage seen when alloying inactive
elements may be attributed to two contributions. i) Decreased volu-
metric expansion as proposed by Obrovac et al.[19] This is similar to the
mechanism proposed by Obrovac et al.[22], however the volumetric
expansion is buffered by irreversible X,Si; _, phases rather than X. ii)
Electrodes constructed from materials with higher X concentration than
~ 33% will bypass early Li,Si (0 < n < 1.5) lithiation stages and start
at a lower potential.

3.4. Active alloys

The majority of Si/active systems fall into two groups: 1) elements
which are immiscible with Si and do not form stable ternary phases or 2)
elements that are miscible with Si and do form stable ternary phases.
Only a handful of ternary alloy systems fall outside of these two groups.
Ag is the only active element that is immiscible with Si and form stable
amorphous ternaries. Te, I, and Hg are all miscible with Si, but do not
form stable amorphous ternaries.

Immiscible alloy components will have a high driving force for phase
segregation, especially those with no ternaries. Thus, those in group 1)
will tend to form a nanocomposite during synthesis, unless kinetics are
significantly hindered through high quenching rate or ball milling. Alloys
synthesized through this method may be highly metastable, even relative
to the amorphous hull. These alloys will exhibit an increased lithiation
potential during the first lithiation, along with formation of two distinct
lithiation phases (one Li-X and Li-Si). In subsequent cycling, the two
lithiated phases will cycle as expected for each of Li-X and Li-Si. In some of
these alloys, homogeneous lithiated phases lie closer to the hull, where
the entropy may be sufficient to stabilize the alloy near room temperature
and phase segregation may not be observed. The tie-triangles composing
the lithiation pathway followed for these materials always share an edge
with Li-Si or Li-X and therefore the lithiation potential is a composite of
the Si and X lithiation potentials. Because alloying with these active ele-
ments does not form irreversible phases, any Si/active alloy composition
may be suitable for active materials. For highest specific capacity, a higher
Si content is desirable, while for volumetric capacity it is element depen-
dent, since some elements have comparable volumetric capacities to Si.

Materials within group (ii) should theoretically form materials with
higher mechanical stability during cycling. The absence of two distinct
phases during lithiation may give rise to more uniform stress distribu-
tions due to uniform lithium distribution. Many precious or rare ele-
ments, such as Pd, Rh, Pt, and Ir, which may not be practical for use in Li-
ion batteries fall under this group. Early lithiation potentials in Pt and Pd
based alloys are rather high (> 0.8V vs Li/Li*), while Rh and Ir exhibit
more useful potentials (~ 0.55V vs Li/Li*). Also in this group are the
aforementioned elements which form highly stable compounds with Li,
such O, S, Te, and Sb. While these elements do not have direct utility as
anodes, they may be used in a manner similar to the inactive alloys.
During the first lithiation cycle of binary Si alloys containing these el-
ements, very stable ternary and binary phases will be formed at high
potentials (> 1.0V vs Li/Li*). These phases will be functionally irre-
versible phases and may not actively participate in any reactions and
would serve as a buffering matrix to accommodate stress and decrease
volumetric expansion. In the case of SiOy, cycling is found to form a Li-
ion conductive Li;SiO4 phase during lithiation which is not associated
with a large volume expansion [29,60,61]. Fast charge transfer at the
SiO/electrolyte interface is also found, signaling that alloying with these
high voltage elements may improve the rate capability of electrodes.
Although these phases may be inert within the range of cycling, it is
important to remember that they deplete Li inventory. Given that cur-
rent cathodes are the source of Li in newly manufactured batteries, this
decreases the effective reversible cathode capacity, requiring consider-
ations such as a higher ratio of cathode to anode capacity or prelithiation
of the anode [10,62]. Zhao et al. reported on a Li,Si/Li,O composite
anode synthesized through metallurgical prelithiation of SiO with
~ 99.87% coulombic efficiency over 400 cycles [63].
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4. Conclusion

In summary, we conduct an ab-initio investigation of the thermo-
dynamic impact of alloying Si with a second component. We find that
inactive components do not get fully displaced to form pure metals as
literature reaction mechanisms propose. Instead, stable Si-X phases are
formed which do not lithiate, binding otherwise active Si in an inactive
phase which is detrimental to capacity. This results in higher capacity
loss than would be expected for a non-participating additive. Si/inactive
alloys, however, are capable of bypassing higher voltage Si lithiation
stages, thereby decreasing the average potential and increasing energy
density. A subset of Si/active alloys are found to favor phase separation
to form nanocomposite materials which match the lithiation potentials
of the individual alloy components. The remaining Si/active elements
will displace stable ionic compounds when reacting with Li, which are
functionally irreversible due to high (de)lithiation potential(> 1.0V vs
Li/Li*"). These may be function in a similar manner to inactive phases in
Si/inactive alloys, although they deplete Li inventory rather than Si
active material. While we have focused on binary Si-X alloys, the
methods and analysis we have utilized to model amorphous materials
and predict their electrochemical characteristics may be generalized for
more alloyed components (ternary, quaternary, etc.) to rapidly screen
the chemical space for Si-based alloy electrodes.
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