Journal of The Electrochemical (Eé\ The Electrochemical Society
Soclety Advancing solid state & electrochemical science & technology

OPEN ACCESS

Voltage Hysteresis Model for Silicon Electrodes for Lithium lon Batteries,
Including Multi-Step Phase Transformations, Crystallization and
Amorphization

To cite this article: Yang Jiang et al 2020 J. Electrochem. Soc. 167 130533

View the article online for updates and enhancements.

This content was downloaded from IP address 155.198.10.231 on 30/10/2020 at 11:35


https://doi.org/10.1149/1945-7111/abbbba

Journal of The Electrochemical Society, 2020 167 130533

CrossMark

Voltage Hysteresis Model for Silicon Electrodes for Lithium Ion
Batteries, Including Multi-Step Phase Transformations,

Crystallization and Amorphization
Yang Jiang,' Gregory Offer,"** Jun Jiang,' Monica Marinescu,”® and Huizhi Wang'*

! Department of Mechanical Engineering, Imperial College London, United Kingdom
2The Faraday Institution, Harwell Science and Innovation Campus, Didcot, United Kingdom

Silicon has been an attractive alternative to graphite as an anode material in lithium ion batteries (LIBs). The development of better
silicon electrodes and optimization of their operating conditions for longer cycle life require a quantitative understanding of the
lithiation/delithiation mechanisms of silicon and how they are linked to the electrode behaviors. Herein we present a zero-
dimensional mechanistic model of silicon anodes in LIBs. The model, for the first time, considers the multi-step phase
transformations, crystallization and amorphization of different lithium-silicon phases during cycling while being able to capture the
electrode behaviors under different lithiation depths. Based on the model, a linkage between the underlying reaction processes and
electrochemical performance is established. In particular, the two sloping voltage plateaus at low lithiation depth are correlated
with two electrochemical phase transformations and the emergence of the single broad plateau at high lithiation depth is correlated
with the amorphization of c-Li;sSi4. The model is then used to study the effects of crystallization rate and surface energy barriers,
which clarifies the role of surface energy and particle size in determining the performance behaviors of silicon. The model is a
necessary tool for future design and development of high-energy-density, longer-life silicon-based LIBs.
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List of symbols Subscripts
. 0 Standard state

Crate Corate () z Amorphous phase index: 0 for a-Si, 1 for
C, Molar fraction of amorphous phase z a-Li,Si», 2 for a-Li;sSiy, 3 for a-Li;s,s Sis
Coryst Molar fraction of c-Li;5Siy G Reaction index
Eg) Equilibrium potential of electrochemical reaction

V) . . L Silicon has been an attractive alternative to graphite as an anode
Ego Standard equilibrium potential of reaction j (V) material in lithium ion batteries (LIBs) because of its high theoretical

Extra potential increase induced by surface en-
ergy barrier (V)

specific capacity, abundance in the Earth’s crust and environmental
benignity.”™ Due to its alloying nature, the reaction of lithium with

F N Faraday constant (C mol H o silicon leads to a theoretical capacity of 3579 mA h g~ '-Si', which is
.AG Surface energy barrier of arporphlzgtlon (eV) 10 times higher than that of graphite. However, silicon anodes suffer
LG Current density of reaction j (A m =) . large volume change (up to 300%) along with high internal stress
1.0 Reference current density ofzreactlonj (Am) during lithiation/delithiation cycles," which further leads to fracture
Total current density (‘f‘lm ) and pulverization and accelerates battery degradation. The develop-
J Nucleation rate (mol s~ ) i ment of better silicon electrodes and optimization of their operating
ko Nucleation rate constant (m s 7)1 conditions for longer cycle life require a quantitative understanding
Keryst Crystallization rate constant (s~") o of the lithiation/delithiation mechanisms of silicon and how they are
My si Total specific mass of silicon (g m) linked to the electrode behaviors.
M;i Molar mass of silicon (g mol°) 4 Previous studies have shown that LIBs using silicon anodes
ns Concentration of critical nuclei (mol m™) exhibit unique electrochemical behaviors. Pure crystalline silicon
Qi) Totalizcapamty obtained through reaction j electrodes were found to have two distinctive voltage profiles
(C.m ) I between the first and subsequent cycles. During the initial lithiation,
R universal gas constant (J 121101 K™) a broad flat voltage plateau at ~0.1 V (vs Li/Li*) was observed.®’
S Surface area of nuclei (m”) While in the subsequent cycles, the voltage plateau disappeared and
r Temperature (K) the charge (lithiation) curves changed to be sloping-shaped.® The
14 Electrode potential (V) . o electrochemical behaviors of silicon electrodes also depend on
WG Interaction coefficient between neighboring ions lithiation depth.® The charge and discharge voltage curves were
.\ in a host lattice s found to be round shaped without any distinct voltage plateau when
w Impingement rate on the nuclei (m”s™") the lower cut-off voltage was higher than 0.05 V. However, further
XG) Fraction of occupied sites through reaction j alloying silicon electrodes to below ~0.05 V would lead to a single
Xeryst Molar fraction of ¢-Li;sSis o wide voltage plateau at about 0.4 V in their de-lithiation process,
Axg) Fraction of the maximum inserted lithium ions resulting in an asymmetric voltage hysteresis. The size of silicon

through reaction j
Greek symbols
6 Stoichiometry of super-alloyed lithium
i) Overpotential of reaction j (V)
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particles was also found to affect the electrode behaviors. Using Si/C
composited electrodes made of silicon powders, Saint et al.” found
that electrodes with micron-sized Si (1-10 pm) exhibited flat
delithiation voltage curves with a voltage plateau at ~0.4 V, while
those with nanosized Si (10-100 nm) showed sloping curves even if
fully lithiated to 0 V.’ Interestingly, when the Si particle size was
reduced to less than 20 nm, even the flat voltage plateau in the first
lithiation process became a sloping shape.'®
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Several efforts have been made in recent years to understand
the mechanisms underlying those unique electrode behaviors.
Mechanistic studies of the first lithiation of crystalline silicon were
performed independently by Limthongkul et al.,'> Chon et al.'* and
Liu et al.' respectively using X-ray diffraction (XRD), scanning
electron microscopy (SEM) and high-resolution electron microscopy
(HRTEM). These independent, complementary studies revealed that
the amorphization of crystalline silicon (c-Si) proceeded layer by
layer following a “peeling off” mechanism, indicating a two-phase
reaction. This can explain the broad flat voltage plateau at ~0.1 V. In
the subsequent cycles, the amorphous intermediate phase a-Li,Si
was found not to recrystallize to c-Si,® which can be the reason for
the sloping shape of the voltage curves. In situ XRD measurements
were carried out by Li et al.® under different lithiation depths. They
showed that when the voltage fell to nearly O V, the highly lithiated
amorphous Li,Si phase crystallized rapidly into a metastable Li;sSiy
at the end of lithiation process. Therefore, the single wide plateau at
~0.4V in the subsequent delithiation curves can be attributable to
the two-phase reaction from crystalline Li;sSiy (c-Li;5Siy) to
amorphous lithium-silicon phases. When the lower cut-off voltage
was higher than 0.05 V, the formation of Li;sSiy was avoided and
only a solid-solution reaction happened,® thereby giving a sloping
voltage curve.

Despite many advances in understanding the electrochemical
performance and lithiation/delithiation mechanisms of silicon elec-
trodes, existing efforts are scattered and disjointed. There has been
no systematic, quantitative research to date that has quantified the
phase transformations during cycling and correlated them with the
cycling behaviors of silicon electrodes. Macroscopic models have
been developed for simulating the charge/discharge curves of
silicon-based LIBs,>*'>~!'7 however, none of them have considered
the multi-step phase transformations and crystallization/amorphiza-
tion involved in the silicon electrodes. A few studies'®'® described
the lithiation-induced amorphization of crystalline silicon based on
first-principles and molecular dynamics simulations, but they can
hardly be used for battery cell design and optimization due to their
small computational domains. Zhang'' reviewed the lithiation/
delithiation mechanisms of alloy electrode materials for LIBs and
suggested that the surface (or interface) energy could play a crucial
role in determining the unique behaviors of alloy materials like
silicon, but they provided no quantitative evidence.

In this study, we present a zero-dimensional mechanistic model
of silicon anodes in LIBs. The model, for the first time, considers the
multi-step phase transformations, crystallization and amorphization
of different lithium-silicon phases during cycling while being able to
capture the electrode behaviors under different lithiation depths.
Based on the model, a linkage between the underlying reaction
processes and electrochemical performance is established. The
effects of crystallization rate and surface energy barriers are
analyzed, which clarifies the role of surface energy and particle
size in determining the performance behaviors of silicon electrodes.
The model presented can be easily extended to model full-size LIB
cells with silicon additives to account for mechanical degradation
associated with the heterogeneous phase changes in the silicon
electrode.

Model Development

Reaction pathways and physical mechanisms.— Reaction path-
ways when the lower cut-off voltage is above 0.05 V.—When silicon
is lithiated to above 0.05V vs Li/Li", two distinguishable char-
acteristic voltage peaks occur in incremental capacity analyses,®>%>!
indicating that there exist two major structure transformations during
the cycling within this voltage range. The details of the two structure
transformations have been confirmed in the in situ TEM experiment
by Wang et al.?®> The first step is a heterogeneous two-phase
transformation from amorphous silicon (a-Si) to amorphous Li,Si

(a-Li,Si), through which a distinct phase boundary was observed in
the study of Wang et al..® So far, no agreement has been reached on
the exact value of x, and x is generally considered less than 2."® The
second step of lithiation was found to proceed without a visible
interface, forming the final amorphous product a-Li;5Si4. Based on
the above evidence from the literatures, as shown in Fig. 1, a two-
step reaction mechanism consisting of two reversible electroche-
mical steps 1 and 2 is proposed for cycling of silicon in a voltage
range above 0.05 V.

Reaction pathways when the lower cut-off voltage is below
0.05 V.—When the voltage of silicon falls below 0.05V vs Li/Li*,
another voltage plateau which is visibly short appears at the end of
charge,” accompanied by an abrupt formation of crystalline
c-Li;sSis.! The rapid appearance of a crystalline phase suggests a
homogeneous crystallization from the amorphous composition of
Li;5Siy. This homogeneous crystallization process is analogous to
the freezing of super-cooled water where liquid water can stay
completely free of ice for a long period before being instantaneously
crystallized to ice. However, the process is too fast to have been
captured in any in situ studies. A homogeneous crystallization
typically involves a preceding nucleation from bulk composition
and a subsequent grain growth based on the existing nuclei sites.>*
Hence, it is reasonable to describe the process using a two-step
mechanism, i.e., an electrochemical step f3 that forms critical nuclei
of Lijs, sSiy (8 represents a very small increment of lithium) from
bulk solid solution followed by a chemical step f4 that grows the
nuclei to the metastable crystalline phase c-Li;5Si4. Using the super-
cooled water analogy, a ‘“super-alloyed” phase a-Lijs sSiy is
assumed as the product of the reaction step 3, which is assumed
to have the local highest energy and an unstable structure. The
electrochemical step f3 is driven by overpotentials which push
a-Li;5Si4 phase to overcome the surface energy barrier of forming a
nucleus.”® During the process, the original bulk phase of Li;sSiy is
expected to grow to its critical size by accommodating more lithium
ions, which explains the slight capacity increase during crystal-
lization of Li;sSis.>> The extra lithium atoms (represented by 6) are
believed to act as a “catalyst” which enables the crystallization
process by activating the amorphous Li;sSiy, despite the small
amount.

In contrast to the sloping voltage curve in the charge process,
the discharge process exhibits a single distinct voltage plateau at
~0.4 V."7 It was found by Li et al.' using in situ XRD that the

® ® ®

a-Si ==—= a-LiSi =— a-Li;sSiy ------- + a-Lijs.5Si,
Lit, e W Lit, e Lit, e ol
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Figure 1. Reaction pathways for electrochemical lithiation and delithiation
of silicon at room temperatures.
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Table 1. Parameter values used in base case simulations.

Parameter Unit Value Comment/reference
1 0.01 Assumed
Eno/Epyo \% 0.375/0.18 Ref. 11
E(f3)’() \' 0.053 Ref. 23
* v 0.15 Estimated based on the surface energy gap
between amorphous and crystalline silicon
reported in Refs. 29, 30
iyolio Am? 0.002/ Assumed
0.008
i @30/ ©2.0 Am™? 0.008/ Assumed
0.004
keryst s 0.00036 Assumed
wyWwe) 1.5/1.0 Ref. 20
W(B)/W(bZ) 1.0/1.0 Ref. 20
X 1.6 Fitted for Ref. 8

crystalline Li;sSiy disappeared linearly with time under a galvano-
static condition. These experimental findings indicate a two-phase
heterogeneous amorphization process of c-LijsSiy. The linear
decrease of crystalline phase under constant current conditions
implies that this amorphization process is rate determining. Previous
studies' suggested that the product of the amorphization process
could be a-Li,Si. Ignoring the reaction of the extra lithium atoms b2
(a) (6 < 15), here we assume that the amorphization of c-Li;5Siy
follows the reaction step b2(b) to end up with the same product of
the reaction step 1, in view of the metastable structure of the
intermediate product.

Pathway diagram.—The proposed pathways of electrochemical
lithiation/delithiation of silicon at room temperatures are sum-
marised in Fig. 1. The lithiation/delithiation process follows a two-
step mechanism consisting of two reversible electrochemical steps 1
and 2 when the electrode potential is maintained above 0.05 V, and
will undergo homogeneous crystallization steps f3 and f4 for
lithiation and heterogeneous amorphization b2 for delithiation
when the electrode potential goes below 0.05 V.

Electrochemical reactions.— Thermodynamics.—The equili-
brium potentials of electrochemical reactions 1, f3 and b2 are
calculated as>’?%:

ln{ ]

f=F/RT

where E, and E), are respectively the equilibrium potential (V)
and standard equilibrium potential (V) of reaction j (j = 1, 2, f3, b2),
F is the Faraday constant (F = 96485 s A mol ™), R is the universal
gas constant (R = 8.314] mol ! K1), Tis the temperature (K) and
wg is an adjustable parameter describing the interactions between
transferred electric charge and its surrounding in reaction j. It is
noted that Eq. 1 is a general description of equilibrium potential,
which accounts for the short-range interactions between neighboring
ions (via w) and has been widely used in the literatures. An
detailed interpretation of the parameter w(j, can be found in the
literatures.>”*® The term (Axj)-x(j)) represents the remaining vacant
sites for lithium through reaction j, where Ax;j, is the fraction of total
host sites for lithium ions through reaction j and x is the fraction of
the already occupied sites in that reaction. For each electrochemical
reaction, the fraction of total host sites for lithium ions, Axa), is
calculated as the ratio of the maximum capacity through that reaction
(Qg)) to the total capacity when silicon is fully lithiated (Q.,) and
can be further expressed in terms of the compositions of reactants
and products

J0)

Axg — x¢)

Eg = Ego + (1]

AG)

(2]

Argy=20 o x [3]
O 00 375+ 6/4
Q) 375 — x
B = & = 5 =305 1 o4 4l
tot N
Axg, O 6/4 5]

T Qu  375+0/4

The values x, 3.75 and (3.75 + 6/4) on the right hand side of the
above equations are the average lithium/silicon ratios of host
structures [a-Li,Si], [a-Li;5Si4] and [a-Lijs, 6Sig].

The total capacity, Q. is related to the specific mass of silicon,
mysis by

m; siF’
375 + 6/4) ——
( +6/4) M,

Qror [6]

where Mj; is the molar mass of silicon (Mg =28 g mol ). It is noted
that the sum of Ax(]) (G =1, 2, f3) should be equal to 1.

Electrochemical amorphization.—Reaction b2, the heteroge-
neous amorphization of c-Li;sSiy, occurs only on the crystalline

1.4
Cycling above 0.05 V at C/48
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Experimental °
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"

"

0.0

Figure 2. Comparison of model predictions with the experimental data for
an amorphous silicon electrode operating at voltages above 0.05 V.
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surface where the atoms have higher free energy than the interior
ones, thereby following a “peeling off” pattern. Compared to the
conversion of a-Li;sSiy to a-Li,Si in reaction 2, the amorphization of
c-Li;sSiy to a-Li,Si needs to overcome an extra energy barrier
AG*(eV)

AG(2b),O = AG(Q)!() + AG* [7]

where AGp) 0 and AGy) respectively denote the standard Gibbs
energy changes of reactions b2 and 2. The change in the Gibbs free
energy leads to a higher equilibrium potential of reaction b2 than
that of reaction 2

AGp)0 _
(3.75 — x)e

N AG(Z),O + AG*
(3.75 — x)e

Ea)0 = =Ego+ E* [8]

where e is the elementary charge (e = 1.6 x 107" A's), and E" is an
extra voltage increase induced by the surface energy barrier
AG" (V). In Eq. 8, the Gibbs free energy changes are all positive
since the delithiation process is nonspontaneous.

Charge transfer kinetics.—The reaction rate for each electro-
chemical steps 1, 2, f3 and b2 is assumed to follow a simplified
Butler-Volmer equation,

S
i = —2ig.0 sinh(T(]) [9]

where i is the current density (A m~2) for reaction jand i o is the
reference current density (A m~?) of reaction j. ij) is defined to be
positive for charge and negative for discharge. 7, is the over-
potential (V) of reaction j, and expressed as

ny =V — Eg [10]

where V is the electrode potential (V).
The total current density of the silicon electrode, /, is the sum of
the partial current densities

1=>Yig (1]

J

Crystallization kinetics.—As discussed before, the crystallization
of a-Li;sSiy involves an electrochemical nucleation step (f3)
followed by a crystal growth step (f4). The kinetics of the reaction
f4 can be described using the classical nucleation theory>*

J = Win* [12]

where J is nucleation rate (mol s 1) and n¢* is the near equilibrium
concentration of critical nuclei (mol m~>). W" is the rate of the
condensable species upon these nuclei through impingement
(m? s™1), which is proportional to the surface area of the nuclei $**

W* = koS [13]

where ky is the rate constant of crystallization.
Based on the classical nucleation theory, here we develop a
heuristic kinetic expression for reaction step f4

dx cryst
dt

= Keryseeryst| — 20 — x [14]
— Mcrystteryst — Acryst
AX (f3)

x(3)
Axg3)
fraction of critical nuclei which should minus the already crystal-
lized portion Xcryst; Xcryst» analogous to S, represents the surface for

crystal growth. The crystallization growth rate can also be lumped to

where ( — Xeryst)> analogous to n-, represents the remaining
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Figure 3. Comparison of model predictions with the experimental data
below 0.05 V: (a) charge/discharge curves and concentration variation of
c-Li;5Siy during (b) charge and (c) discharge.

* _ X(3)
kcryst - kcryst (

e xcryst), which implies that the real growth rate

is restricted by the depletion of the parent nuclei [a-Li;s sSi4].
Time evolution of species.—By ignoring spatial heterogeneity

within silicon electrode, the rate of change in the molar fraction of
the inserted lithium for each electrochemical reaction is given by
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Figure 4. Electrochemical behaviors and phase transformations of silicon in the absence of crystallization during discharge and charge: (a) voltage curves;
(b) differential voltage curves; and composition variations during (c) charge and (d) discharge.

dxg g
dt Qtot
In the absence of crystallization, the normalized concentrations of a-

Si, a-Li,Si and a-Li;sSiy are expressed in the fraction of occupied
sites

[15]

X,
Co=1— "D for aSi [16]
X(1)
=20 2O o a1 Si [17]
Axqy  Axp
) C s
Cy, = — for a-Li;5Sij4 [18]

@

In the presence of crystallization, the normalized concentration of
a-Li;5Si4 becomes

X, X(£3
C, = 2) (f3)

Ax )

[19]
Ax)

and the normalized concentrations of the critical nuclei and crystal-
line phase are calculated by

[20]

X
Cy = #3)

= — Xeryst for critical nuclei
A.X(B)

Ceryst = Xerysy for crystalline phase [21]

Computational implementation and initial conditions.—The
model consists of differential equations Eqgs. 1, 9-11, 14 and 15
for (4j + 2) unknowns: xj), Xcrysts ijy» Vs 1) and Ej). The fractions C,
and Cyy are further determined using Eqgs. 16-21 with the values of
X and Xy solved from the differential equation system. The
equation system was solved by the Runge—Kutta method using
MATLAB ode23t. The initial conditions for all variables were
calculated self consistently from chosen values of V and Xy for
charge and V for discharge. The partial current densities were
initialized as i) = 1, ij, = 0 (j = 2, 13) for charge and ix)/ip2) = 1,
ic1y = 0 for discharge.

The values of model parameters used for base case simulations
are summarized in Table 1. The lithium/silicon ratio in a-Li,Si is
fitted to be 1.6 from the experimental data® used in this study. The
potential increase in amorphization E is set to be 0.15 V, corre-
sponding to a surface energy gap of 0.3225 eV/atom. This has the
same order of magnitude as the energy gap between amorphous and
crystalline bulk silicon.?*** The values of reference current densities
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Figure 5. Electrochemical behaviors and phase transformations of silicon in the presence of crystallization during discharge and charge: (a) voltage curves; (b)
differential voltage curves; and composition variations during (c) charge and (d) discharge.

varies dramatically in the literatures,'”'"™* ranging from 1 to

10° Am™2. Here we assume the values of reference current density
to be 0.002, 0.008, 0.008 and 0.004 A m ™2 respectively for reactions 1,
f3 and b2 due to the lack of precise experimental data. Although
internal stress can also be attributed to the voltage %a]i) between
lithiation and de-lithiation curves of silicon electrodes,”™' we only
consider the kinetic contribution to the hysteresis in this study. The
adjustable parameter wj, were reported in a range of 0.7-6.0,%° and we
take the values of 1.5 and 1.0 for different reaction steps. All
simulations are performed at 298 K.

Results and Discussion

Model-experiment comparisons.—Figure 2 compares the model
results with the experimental data reported in the literature.® The
simulated charge-discharge curves agree well with the measured ones.
As can be seen in the figure, the model successfully reproduces the
sloping voltage curves of both charge and discharge processes when
the amorphous silicon electrode is cycled above 0.05 V (vs Li/Li™).
The voltage curves of discharge and charge processes appear to be
approximately parallel to each other with a huge voltage hysteresis in
between which is caused by sluggish kinetics (small iy). The model is
further validated against the experimental data for deep lithiation of
silicon.® It can be seen in Fig. 3a that the model results are consistent
with experimental results by showing the same asymmetric feature,
where the charge curve exhibits a sloping shape and the discharge
curve has a single voltage plateau. For both scenarios of >0.05 V and
<0.05 V, it is noted that the biggest difference between our model and

experimental results occurs at the end of discharge (EOD) and the end
of charge (EOC). This can be caused by asymmetric internal stress,
which makes a larger voltage hysteresis at the EOD than that at the
EOC.” Hence, the neglect of the stress effect in this study may lead to
an underestimation of voltage hysteresis at the EOD and an over-
estimation of voltage hysteresis at the EOC.

The predicted composition change during deep cycling is
compared with the XRD results in Figs. 3b and 3c. As shown in
Fig. 3b, a sudden formation of c-Li;sSiy at a charge voltage of
0.05V is shown in both the model predictions and experimental
measurements. Figure 3¢ shows that the linear decrease of c-Li;sSiy
observed by in situ XRD is also well captured by our model.

It is worth mentioning that the asymmetric voltage hysteresis as
well as phase changes of silicon electrodes have never been well
described by previous models which have taken into account various
types of overpotential (i.e., charge-transfer, diffusion and ohmic
overpotentials) and internal mechanical stresses.>**

Charge/discharge behavior.—The model is used to study the
charge/discharge behaviors of silicon in details. Figures 4a and 4b
respectively show the charge/discharge curves and the corre-
sponding differential voltage spectroscopy when silicon is lithiated
above 0.05 V. The sigmoidal shaped voltage curve with two sloping
plateaus in Fig. 4a as well as its associated characteristic peaks in
Fig. 4b have been widely reported in experimental studies on silicon
electrodes.®>>® This sigmoidal shape is a typical feature of electro-
chemical phase changes, and the voltage tends to hold during each
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Figure 6. Electrochemical behaviors of silicon cycled between different
voltage limits: (a) current density vs time; (b) voltage vs time; (c) voltage
loops.

phase transformation process, thus exhibiting a voltage plateau
during charge/discharge. In Fig. 4a, both the charge and discharge
curves have two voltage plateaus which imply two transformation
reactions, i.e., reactions 1 and 2. The voltage characteristic peaks in
Fig. 4b suggest that the two discharge reactions respectively happen
at 0.25 and 0.52 V vs Li/Li™, while the two charge reactions occur at
0.11 and 0.22 V vs Li/Li". The variations of different silicon phases
during cycling are further examined in Figs. 4c and 4d. When silicon
is charged from D; to D, (Fig. 4a), it is seen in Fig. 4c that a-Si
declines almost linearly and a-Li,Si increases at the same time, and
reaction 1 dominates over reaction 2. It is also found that a-Li;sSiy
grows slower than a-Li,Si in the D;-D, regime, confirming that
reaction 2 is a slower step in this regime. When silicon is further
charged from D, to D3, a-Li,Si stops growing and transforms to
a-Li;5Siy via reaction 2. These two -electrochemical reactions
proceed in the reverse direction during discharge. It is shown in
Fig. 4d that a-Li;5Si4 will firstly transform to a-Li,Si, followed by
the phase transformation from a-Li,Si to a-Si.

The charge/discharge behaviors and the corresponding phase
transformations for cycling silicon below 0.05V are studied in
Fig. 5. In contrast to Fig. 4a, the lower voltage plateau is elevated
and even merges with the higher plateau during the discharge
process in Fig. 5a, which displays a wide voltage plateau at ~0.4 V.
This phenomenon is confirmed in Fig. 5b, where P., moves to a
higher voltage level and P.; becomes unnoticeable. Figures Sa
and 5b confirm that the electrochemical behaviors of silicon
electrodes are path-dependent: (a) When the voltage remains higher
than 0.05 V, silicon only follows the lithiation steps 1 and 2, leading
to two sloping plateaus during both charge and discharge; (b) When
the voltage falls below 0.05 V, silicon will undergo an additional
crystallization process, thereby showing a distinct flat voltage
plateau during de-lithiation. Figure 5¢ shows variation of different
silicon phases during charge. It is found that the initial two
electrochemical steps are similar to those in Fig. 4c, where a-Si is
firstly lithiated to form a-Li,Si before transforming to a-Li;sSiy. The
nucleation step f3 starts at a normalized capacity of ~0.5, slowing
down the formation of a-Li;sSi4 in the second half of the capacity
range. At the same time, the critical nuclei a-Li, s sSiy starts to grow
until it reaches to a fraction of 0.3, and then the fraction of c-Li;5Siy
starts to increase exponentially. For the reverse process, Fig. 5d
shows that c-Li;sSi, is firstly amorphized to a-Li,Si which is further
delithiated to form a-Si. Compared to the case in Fig. 4d, the fraction
of a-Si in the reverse process grows at the beginning, indicating that
the reaction rate of step 1 is comparable to that of step b2 through the
discharge process. In addition, the maximum fraction of a-Li,Si is
found to be less than 0.4, which is less than half of that in Fig. 4d.
Surprisingly, the depletion of Li;sSiy delays from the normalized
capacity of 0.4 to 0.15. During the whole discharge process, the
silicon electrode is composed of a mixture of a-Li,Si and a-Si during
amorphization, which implies that there may be no pure intermediate
component.

Figure 6 shows the electrochemical behaviors of silicon during
micro-cycling operation between different voltage limits. The transi-
tion from the lower lithiation voltage branch to the upper lithiation
voltage branch for silicon electrodes was well identified and explained
by Baker et al.*” in a slow voltage scan. In Fig. 6, the silicon electrode
is cycled at C/100, and the current is reversed immediately after the
lower voltage limit is reached. In Fig. 6b, during the first cycle when
the voltage falls to 0V, the silicon electrode undergoes two phase
transformation stages 1 and II, respectively corresponding to the
reaction steps 1 and 2. After the current is reversed, the voltage curve
presents a distinct plateau V which suggests the amorphization process
b4. In the subsequent cycles, at lower voltage limits of 0.05 V, 0.15V
and 0.25 'V, the lower voltage branch (lithiation branch) follows the
same trace as that in the first cycle, while the higher voltage branch
turns to be sigmoidal. The last three cycles do not involve crystal-
lization thus exhibit two sloping plateaus in de-lithiation voltage
curves as shown in Figs. 6b and 6c, where the stages IIl and IV
respectively correspond to the reaction steps 1 and 2. It is worth
mentioning that when the lower voltage limit increases, the first
voltage plateau III in the higher voltage trace becomes shorter and can
even vanish. This is because the reaction step 2 dominates at lower
voltages, and the voltage plateau of the step 2 becomes less observable
as the lower voltage limit increases. It is noted that in Fig. 6¢ the
voltage increases abruptly at the step change of the current. This
implies that the silicon electrode has not yet reached equilibrium when
the voltage limit is reached, the voltage increase is due to the kinetic
loss.

Effect of crystallization rate—Figures 7a and 7b respectively
show the effect of crystallization rate constant ks on the growth of
c-Li;5Siy and a-Lijs, 45i4. It is seen in Fig. 7a that the slower the
crystallization happens, the more abruptly the crystalline phase will
appear. If kg is very small (<0.0002 s~ 1), as shown in Fig. 7b,
there will be excessive nuclei due to the slow f4, which lead to an
exponential growth in silicon crystalline following the relationship
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barrier during discharge.

dx cryst

dt

As ke increases to 0.00036 s

= kcrystxcryst [22]

71, the reaction rate of step f4

becomes comparable to that of step 3. The growth curve presents a

characteristic s-shaped, or sigmoidal profile where the transforma-
tion rates are low at the beginning and the end of the process, but fast
in between. This s-shaped growth curve is a typical characteristic of
homogeneous crystallization.38 If kerys is larger than 0.0007 s7L
c-Li;5Siy grows fast initially until most nuclei are consumed. In this
case, the crystallization rate is limited by the nucleation step f3. The
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envelop line plotted in Fig. 7b is determined by x(3/Ax3), which is
equal to the total fraction of a-Lijs sSi; and c-Li;sSiy. The
intersection points A;-Ag in Fig. 7b correspond to the starting points
of the appearance of c-Li;sSi4 in Fig. 7a, which tend to start earlier
with increasing keryg.

Amorphization with different surface energy barriers.—The
effects of surface energy barriers are studied in Fig. 8. As shown in
Fig. 8a, with increasing E”, the voltage curve during the discharge
process changes from a sloping shape to a flat shape. As E* is
proportional to the extra surface energy barrier to overcome for
amorphization, a larger E* means higher surface energy barrier.
When the particle size is smaller, more free surfaces of silicon
phases are exposed and the silicon phases are more active on
average. This elevated activity means less surface energy barrier per
atom to be overcome, corresponding to a smaller E . Hence, a
sloping voltage curve is expected during the discharge process even
if the silicon particle is crystallized. This well explains the effect of
particle size, which is consistent with the experimental observations
in the literatures.

Figure 8b indicates that a higher surface energy barrier will shift
the voltage peak to a higher level and increase its width.
Furthermore, when E* is large enough, the higher voltage peak
will vanish. Hence, only one visible voltage characteristic peak can
be detected in the differential analysis even though there are two
phase transformation reactions. This may lead to a failure to detect
the phase transformation step b2. To unveil the underlying reactions,
it is necessary to use other more reliable experimental techniques to
complement the results from differential analyses.

Figure 8c shows that the decrease of crystalline phase is
decelerated with increasing E~ because of the slowing down in
amorphization. Correspondingly, as shown in Fig. 8d, the growth of
a-Li,Si during amorphization also slows down, and the amorphiza-
tion process can thus last for a longer time.

Conclusions

A zero-dimensional mechanistic voltage model is developed for
silicon anodes in LIBs. The model is able to capture key electro-
chemical phenomena during cycling of silicon electrodes for the first
time, including the sloping voltage curve with voltage hysteresis at
small lithiation depths and the shift to a single distinct voltage
plateau on discharge from the initial sloping curve upon deep
lithiation. Comparisons show a good agreement between the model
and experimental results. The processes of phase transformations,
crystallization and amorphization underlying the electrode behaviors
are resolved in the model. The model correlates the electrochemical
behaviors of silicon with the underlying reaction processes in a
quantitative manner. We show that the voltage hysteresis is path-
dependent and the asymmetric hysteresis originates from asym-
metric reaction pathways. The model is then used to study the effects
of crystallization rate and surface energy barriers. The crystallization
rate constant k. can affect the shape of the crystalline growth
curve, and a lower keyse Will delay the appearance of the crystalline
phase. The extra potential increase E induced by surface energy
barriers between crystalline and amorphous phases is shown to be
the underlying cause of the elevated voltage plateau for silicon
electrodes. Even though there are two electrochemical reactions, the
differential analysis can only detect one visible voltage peak when

E is large enough. The surface energy barrier also explains

qualitatively why smaller silicon particles present a sloping voltage
curve even charged to 0 V. The model is a necessary tool for future
design and development of high-energy-density, longer-life silicon-
based LIBs.
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