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The objective of this investigation was to utilize the first-principles molecular dynamics
computational approach to investigate the lithiation characteristics of empty silicon clathrates
(Sige) for applications as potential anode materials in lithium-ion batteries. The energy of
formation, volume expansion, and theoretical capacity were computed for empty silicon clathrates
as a function of Li. The theoretical results were compared against experimental data of long-term
cyclic tests performed on half-cells using electrodes fabricated from Siyg prepared using

a Hofmann-type elimination—oxidation reaction. The comparison revealed that the theoretically
predicted capacity (of 791.6 mAh/g) agreed with experimental data (809 mAh/g) that occurred
after insertion of 48 Li atoms. The calculations showed that overlithiation beyond 66 Li atoms
can cause large volume expansion with a volume strain as high as 120%, which may correlate to
experimental observations of decreasing capacities from the maximum at 1030 mAh/g to 553 mA
h/g during long-term cycling tests. The finding suggests that overlithiation beyond 66 Li atoms
may have caused damage to the cage structure and led to lower reversible capacities.

. INTRODUCTION

Silicon is an attractive anode material for Li-ion
batteries because its theoretical charge storage capacity
(3579 mAh/g as Li;sSiy) is more than 10 times than that
of graphite,' the current anode material in commercial
cells. Despite a high theoretical charge capacity, silicon
has not been successfully utilized as the anode in Li-ion
batteries because the reversible reaction of lithium with
silicon is accompanied by large (~300%) changes in
volume. The large increase in volume, which is isotropic
in amorphous Si, can cause Si particles to displace and
impinge on other parts of the anode.” Such particle
motion has been directly observed using in situ atomic
force® and optical microscopes.4 Theoretical studies on
electrodes made of Si particles have found that in order
for the particles to be adequately spaced to avoid displace-
ment, they must occupy only 20 vol% of the electrode,
whereas the remaining mass consists of the binder and
conducting additives.” This composition leads to a serious
reduction in energy density because the active Si material
makes up only a small percentage of the electrode.
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Furthermore, the large volume mismatch between the
unlithiated and lithiated phases often results in large
internal stresses® that cause the Si to delaminate from
the electrode (decrepitation) or form smaller particles
(pulverization) that are detached from the current
collector. Mixing or ball-milling the Si with binders or
other networking agents (such as carbon nanotubes’ )
have not completely solved these problems, as the
volume changes are too large for adequate binding.
Upon delithiation, Si-based electrodes will display
features characterized by shrinkage due to the removal
of large amounts of lithium. For instance, micropillars
can shrink in size,® and thin films can form cracks.
Extensive shrinkage or pulverization often causes the
anode to lose electronic or mechanical contact with
the current collector. The consequences are loss of
active material, poor discharge/charge efficiencies
(coulombic efficiency), and reduced capacity over time.
For example, as much as 85% capacity loss was
observed after only 5 cycles in electrodes made with
10 pm Si particles.lo

To solve the decrepitation problem, several electrode
morphologies and architectures have been explored to
relax the strain and allow the volume changes without
subsequent pulverization.'' Promising results have been
demonstrated by using nanostructured thin films,'>"?
particles,12 porous structures,14 pillars,15 nanowires,16’17
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or double-walled silicon-nanotubes.'®'? All of these
structures have been designed to allow room for volume
expansion and relaxation of the triaxial tensile stresses.
Long-term cycling (>100 cycles) at capacities close to
the theoretical capacity of Si have yet to be demonstrated
because the problem associated with the large volume
change has not been completely resolved, although prog-
ress has been made on several fronts.'®'® By constraining
the outer wall and directing the volume of expansion
inward, long-term cycling of double-walled silicon nano-
tube electrodes in the range of 600-1000 mAh/g has been
demonstrated for 6000 cycles.'®!?

Recent studies have focused on the use of ab initio
methods to evaluate the performance of electrode materi-
als,? including simulating the Li insertion and de-insertion
processes in crystalline Si,*'*** amorphous Si,*** and Si
nanowires.” In particular, ab initio methods have been
utilized to compute the energy of formation,>'* the
electronic structure,>'*** the open-circuit potential,®~*
the volume change,” and the diffusion path® of the
lithiated phases. Despite these efforts, the problems
associated with the volume shrinkage and pulverization
during delithiation have not been resolved.

Besides conventional crystalline Si (diamond cubic)
and amorphous Si, other allotropes of Si such as silicon
clathrates (Type I, II, or IITI) may also be lithiated. Silicon
clathrates consist of sp® bonded silicon atoms
arranged in one of three types (Type I, II, and III)
of cage-structures.?”*® Type I silicon clathrate Sise,
which consists of Si with a regular arrangement of
20-atom and 24-atom cages fused together through
5-atom pentagonal rings, has a simple cubic structure
with a lattice parameter of 10.335 A and 46 Si atoms per
unit cell.” The crystal structure (space group Pm3n) of
the Siyg clathrate is different from the common form of
crystalline Si (c-Si), which is diamond cubic (space group
Fd3m) with a lattice parameter of about 5.456 A3
Another form of silicon clathrate (Type II) is Siz4 that
contains Si with a regular arrangement of 20-atom and
28-atom cages fused together through 5-atom pentagonal
rings. The Siz, clathrate has a face-centered cubic (fcc)
structure, with 136 Si atoms per fcc unit cell.?” The Sisy
clathrate has a lattice parameter of 14.62 A and belongs
to the space group Fd3m, number 227. Type III clathrates
can be considered a variant of Type I clathrates with a dif-
ferent ratio of 20-atom and 24-atom cages.>® Recent work
by the authors identified empty Siss and Ba-stabilized
Al-substituted clathrates as potential Type I clathrate
anode materials for Li-ion batteries.”® Lithiation of
Ba-stabilized Al-substituted clathrates has been confirmed
by recent experimental and theoretical investigations.*®*®
Lithiation of empty Siss, however, has not been reported
because synthesis of empty Siyg is difficult. Thus, the
lithiation response of empty Sise has not been established
either theoretically or experimentally.

In this paper, we examine the lithiation characteristics
of empty silicon clathrate (Siyse) via first-principles
molecular dynamics computational methods. The energy
of formation and the equilibrium lattice constant of
Li,Siyg are computed as a function of number of Li
atoms inserted into the cage structure. The theoretical
capacities and volume expansion of the unit cell associ-
ated with the lithiation were examined as a function of
Li atoms ranging from 1 to 200. The theoretical results
indicate that up to 23-24 Li can be inserted into empty
Siue without volume expansion (less than 2.3% volume
strain). Both the capacities and calculated volume expan-
sion increase with further lithiation, reaching a capacity
of 809 and 1030 mAh/g at 48 and 66 Li atoms inserted,
respectively. Motivated by the theoretical results, we have
developed a solution synthesis method that successfully
produced small quantities of empty Sise. Furthermore,
empty Siye electrodes were fabricated to characterize their
response to lithiation. The theoretical lithiation response
was compared against the experimental observations to
assess the potential of empty Siyg as an anode material in
Li-ion batteries.

Il. METHODS
A. Computational details

First-principles methods have been utilized to model
lithiation characteristics for many Li-ion battery materi-
als.”>® The energy calculations were performed using
an ab initio molecular dynamics code, the Car—Parrinello
molecular dynamics (CPMD) code,** which is a plane
wave implementation of density functional theory
(DFT).* It uses an approximation frozen-core approach
in which only the chemically active valence electrons
are explicitly dealt with and the inert core electrons are
considered frozen together with the nuclei as rigid non-
polarizable ion cores. It is capable of both first princi-
ples wave-function optimization (static calculation) and
ab initio molecular dynamics calculations. For crystal-
line solids, the energy and equilibrium lattice constant
of a unit cell were computed by calculating the energies
for unit cells with different lattice constants by perform-
ing wave-function optimization with CPMD. A 4th-
order polynomial was fitted to the energy points. The
equilibrium lattice constant was determined by finding
the lattice constant corresponding to the minimum
energy on the polynomial curve. The energy of an
amorphous phase was computed by heating the corre-
sponding crystalline phase above the melting point,
followed by rapid quenching to 300 K and holding at
this temperature as a function of time to allow for atom
relaxation and equilibrium to occur. Using the CPMD
method,>**® first principles computations were per-
formed to determine the energy of formation for
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crystalline Si (c-Si), amorphous Si (a-Si), crystalline
Li;5Siy (c-LijsSiy), crystalline Siye clathrate (c-Size), and
Type I crystalline lithium—silicon clathrates (c-Li,Sise)
with x ranging from 1 to 200. For x < 8 Li atoms, the Li
atoms were placed at the 8 known sites (2a and 6d)
corresponding to the centers of the cavities within the
cages. For lithiation in excess of 8 Li atoms, the Li atoms
were placed randomly within the cage structure and the
Li atoms were allowed to move to their equilibrium
locations during energy optimization.

B. Experimental details

Empty Sige was synthesized in a batch process which
involved soft oxidation of NaySiy by a Hofmann-type
elimination—oxidation reaction scheme.>* First, a thermal
processing method was devised to convert commercial
fuel-grade sodium silicide (NaSi; 5) to yield the highest
purity of the Zintl phase NasSiy possible by varying
excess additions of NaH combined with the silicide.
X-ray diffraction (XRD) analyses of the thermal trans-
formation products confirmed the conversion of NaSi; 5
to the Zintl phase NaySiy, when 10% excess NaH was
combined with the silicide during thermal processing.
Higher additions of NaH did not manifest the required
XRD reflections for the Zintl phase. Using these process-
ing conditions, about 10 g of Na,Si, was synthesized for
subsequent use in the batch synthesis of Siss. After
successful conversion of NaySiy, this Zintl compound
was combined with an alkylammonium-AICl; ionic
liquid to synthesize empty silicon clathrate (Sise) via
Hofmann-type elimination—oxidation reaction scheme
done in solution.>*>> The XRD analysis of the reaction
product indicated that the desired Type I clathrate was
formed along with unreacted Zintl compound and the
reaction by-products. The reaction by-products were
expected to be alkene, alkylamines, and NasSig. Energy
dispersive X-ray spectroscopy indicated that the amount
of Siye formed was about 18.1% by weight. The product
(~20 mg) was cleaned with copious amounts of acetone to
remove the organic by-products (alkene and alkylamines)
and any ionic liquid. The cleaning process did not
completely remove all of the reaction by-products as some
extra peaks still remained in the XRD pattern, as shown in
Fig. 1. Attempts to further purify the products caused
a loss of Siye. Thus, further purification of the Siyg
products was abandoned and the Siye products were used
for half-cell testing after acetone-cleaned conditions.

Guest-free (empty) Siyg clathrates synthesized by soft
oxidation of Na,Siy were combined with a conducting
carbon black additive (25 wt% Super P) and polyviny-
lidene difluoride binder (20 wt%) to make a slurry.
The resulting slurries were then used to cast thin-film
electrodes for electrochemical half-cell evaluation. The
long-term cyclic performance of guest-free Siye was
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FIG. 1. Overlay of powder XRD patterns for the synthesized product
and the calculated reflections of empty clathrate (Sise), after subtraction
of impurity phases.

evaluated using a three-electrode split cell with a poly-
propylene separator film and Li metal counter and
reference electrodes. The active area of the electrode was
also 1.766 cm® with a thickness of 89.2 pum. The mass of
the active material was 0.3485 mg. The electrolyte was
1 M LiPFg in ethylene carbonate (EC)/diethyl carbonate
(DEC)/ fluroethylene carbonate (FEC) in 45:45:10 volume
ratios. The half-cell testing was conducted according to
a galvanostatic cycling protocol described as follows. The
targeted voltage was cycled between 1 V and 5 mV versus
Li/Li* for cycles 1 to 3 at a C rate of C/5 for the solid
electrolyte interphase (SEI) formation phase. After SEI
formation, the voltage cycling range was maintained from
1 Vto5mV versus Li/Li" but the C rate was increased to
5.3 for the rest of the long-term cyclic tests until the tests
were terminated after 1000 cycles. The C rates were
computed on the basis of the mass of the active
materials in the electrode.

lll. RESULTS
A. Computational

Figure 2 presents the CPMD results of the energy of
formation for crystalline Si (c-Si), amorphous Si (a-Si),
crystalline Li;sSiy (c-LijsSiy), crystalline Siyg clathrate
(c-Sige), and three compositions of Type I crystalline
lithium—silicon clathrates (c-LigSisg, c-LisgSiss, and
c-LiygSisg). The c-LijsSiy compound has been shown
to be the fully lithiated phase at room temperature for
c-Si thin films.?® The three clathrates are examples of
lithium-silicon clathrates with moderate (166 mAh/g for
LigSise) and high charge storage capacities (499 mAh/g
for c-Li4Sise and 999 mA h/g for LiygSise). The energy
of formation of c-Si at 0 K was computed to be
—107.35 eV/Si atom at the equilibrium condition.
This value was taken to be the reference, and the energy
of formation for a-Si, Li,Sise, and Li;5Siy was computed
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and presented relative to the energy of formation of c-Si.
These results, presented in Fig. 2, show the energy
change per Si atom as a function of the unit cell volume
to the 1/3 power. The minimum in the energy curve
gives the lattice parameter of the unit cell for a crystal-
line solid or the equivalent length scale for an amor-
phous solid. These results indicate that the energies of
formation for a-Si and c-Siye are comparable and both
are higher than those of c-Si and c-Li;5Si4, as shown in
Fig. 2. The lattice parameter of c-Si (5.456 A) is much
smaller than that of c-Li;5Si4 (10.642 A). The equivalent
lattice parameter of amorphous Si (a-Si), defined as
a, = (unit cell volume)'?, is about 5.533 A and is also
much smaller than that of Li;5Sis (10.642 A). In contrast,
the lattice parameter of Sie (10.335 A for experimental
value?® and 10.119 A for the value computed here)
matches well with that of c-Li;sSiy (10.642 A).
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FIG. 2. Computed energy change per Si atom as a function of unit cell

volume to the 1/3 power for c-Si, a-Si, c-Sige, c-LijsSiy, c-LigSiye,
C-Li24Si46, and C-Li435i46.
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(a)

Calculations show that the lithiation of Siyg to form
Li;5Si4 would result in a volume expansion of only 9%,
compared with 300% for the lithiation of crystalline Si
to form Li 15514.2 This value of volume expansion (9%)
corresponds to a lithiation strain of 3%, compared to
95% for crystalline Si. The lithiation strain is computed
as the change in lattice constant of the anode before and
after lithiation normalized by the initial lattice constant
before lithiation. Lithiation of Sizg forms c-LigSisg and
LiygSise, and results in lithiation strains of ~0.77 and
10% and volume strains of ~2.3 and 40% for LigSis¢
and LiygSiye, respectively. The Siye, Sing, and Siyy cage
structures are presented in Figs. 3(a), 3(b), and 3(c),
respectively.

A systematic evaluation of the insertion of Li ions
into a unit cell of c-Siyg indicates that the computed
lattice constant, a,, of Li,Siye clathrate remains relatively
constant at 10.19 A until the number of Li atoms inserted
exceeds 24 (499 mAh/g), as shown in Fig. 4(a).
The lattice constant of Li,Sis increases from 10.19
A to 11.41 A when the number of Li inserted, x,
increases from 24 to 48. A further increase of Li ions
beyond 48 (>999 mAh/g) causes the Type I cage
structure to expand to a larger lattice constant. For com-
parison, Fig. 4(a) also shows the increases in the lattice
constant for a-Si and c-Si as a function of Li to form
a unit cell of lithium silicide (Li;5Si4), which contains
60 Li atoms and 16 Si atoms. The corresponding energy
change/Si values associated with the insertion of Li into
silicon clathrate and a-Si are compared in Fig. 4(b).
The value of the energy change/Si for insertion of
Li into silicon clathrate is relatively constant at about
0.85-0.95 eV for up to 112 Li atoms. The positive
energy change values indicate that the Li,Sisq com-
pounds are metastable and exhibit higher energy values

(c)

FIG. 3. The Sigs, Sixg, and Sip4 cage structures for Type I silicon clathrate: (a) Sise unit cell, (b) Siy cage structure with a Li guest atom, and

(c) Sip4 cage structure with a Li guest atom.
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FIG. 4. Computed lattice constants of (a) Li,Sise clathrate and Li,Si;¢
silicide, and (b) computed energy change/Si as a function number of Li
atoms inserted.

than either a-Si or Li;sSiy. In contrast, the energy
change/Si for Li insertion into a-Si to form Li;5Si4
decreases with increasing number of Li atoms and
reaches —1.136 eV at 60 Li atoms. These results
indicate that there is a small energy barrier for the
insertion of Li into the silicon clathrate and that the
Li,Siye clathrate with x < 112 (2330 mAh/g) exhibits a
higher energy than Li;sSi4 silicide. Thus, there is a
thermodynamic driving force for a possible phase trans-
formation from Li, Sizq to Lij5Sis. A phase transforma-
tion from Li,Sise to Lij5Si4 results in a relatively small
change in the lattice constant, as shown in Fig. 4(a).
Figure 5 summarizes the results on the theoretical
capacity of an empty Siye as a function of Li atoms
inserted into the cage structure and the corresponding
volume expansion of the unit cell. Figure 5 shows that
both capacity and volume expansion increases with
lithiation, but at different rates. At lithiation levels of
up to 24 Li atoms, the theoretical capacity increases with
increasing Li atom insertion with little or no volume
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FIG. 5. Capacity and volume expansion as a function of number of Li
atoms inserted into the cage structure of Sige.

expansion (less than 2.3% volume strain). At 48 Li atoms,
the theoretical capacity increases at a reduced rate to
791.6 mAh/g, while the volume expansion increases to
40.2% at increasing rates. At 112 Li atoms, the theoretical
capacity reaches as high as 1450 mAh/g, while the volume
expansion is about 120%.

B. Experimental results

Figure 6(a) shows the capacity based on the mass of
the active material (left scale) and the coulombic effi-
ciency (right scale) as a function of cycle number of the
Siye anode from 4 to 50 cycles. The first three cycles,
which were in the SEI formation phase, are not presented
in this figure. During the SEI formation, the capacity was
919 mAh/g at a 21% coulombic efficiency in the first
cycle at a C rate of 0.21. The capacity decreased to
890 mAh/g at a 69% coulombic efficiency in the third
cycle. The C rate was increased to 5.3 after the first three
cycles. As shown in Fig. 6(a), the capacity of the Siyg
anode was 675 mAh/g at 4th cycle, but increased to
809 mAbh/g at 50 cycles at 5.3C. The corresponding
coulombic efficiency was 99%. After a temporary pause
at the 50th cycle and then restarting, the capacity jumped
to 1030 mAh/g at the 51st cycle as shown in Fig. 6(b).
Upon further cycling, the capacity dropped from 1030 to
553 mAh/g after 1000 cycles, as shown in Fig. 6(b).

Previous work by Li et al.®” indicated that the dQ/dV
response of Ba-stabilized Al-substituted clathrates is
distinctly different from that associated with lithiation
of crystalline Si or amorphous Si anodes. For comparison
purposes, the dQ/dV response associated with the long-
term cyclic tests of empty Sis were obtained. The results
for cycles 10, 100, 500, and 1000 are compared in Fig. 7.
The breaks in the dQ/dV curves shown in Fig. 7 were
caused by the fact that the data of the long-term cycling
tests were acquired not continuously but at specified time
intervals, which led to gaps in the acquired data during
the transition from lithiation and delithiation, and vice
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FIG. 6. Capacity and coulombic efficiency of a Sise electrode during cycling (a) from the 4th to the 50th cycle, and (b) from the 51st to the 1050th

cycle. The C rate was based on the mass of the active material.
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FIG. 7. Plot of dQ/dV as a function of cell voltage.

versa. The dQ/dV plots taken at various cycles are similar
for empty Siyg, but the peak appears to shift to lower
voltages as the cycle number increases.

IV. DISCUSSION

First-principles molecular dynamics computations
indicate that the Li insertion process in silicon clathrate,
which appears to be different from that of a-Si and c-Si,
involves the storage of Li atoms in the open and
accessible spaces within the cage structure of the clath-
rate. Recent work by Li et al.”” showed the lithiation
response of c-Si, amorphous Si, and Ba-stabilized
Al-substituted silicon clathrates are indeed different with
dQ/dV plots that exhibit different peaks at different
voltages. Figure 8 shows a comparison of the dQ/dV

3662

plots of empty Siys and Ba,Al,Sis_, clathrates. The
comparison indicates that the dQ/dV peak for empty Siyg
occurs at a lower voltage compared to those observed in
Ba,Al,Sis_,, even though the shape of the dQ/dV curves
are similar. The shift in the peak location may be related
to the ease of inserting or extracting Li atoms from the
cage structure due to the presence of Ba guest atoms in
the case of Ba,Al,Sis_, and its absence in the case of
empty Sige. To confirm the DFT results, we also computed
the accessible volume of empty Siy using the DMol®
package in Materials Solution (Accelrys, UK) and a Li*
probe (1.84 A* volume). Theoretical computation revealed
an accessible volume of 42.9 A%/unit cell for Sise. This
accessible volume of silicon clathrate can accommodate
23 Li ions, indicating adequate diffusion pathways for
23 Li ions. The insertion process can proceed without an
enlargement of the clathrate structure until the open
structure is filled with 24 Li atoms, which is in
accordance with the CPMD results shown in Fig. 4(a).
Figure 4(a) also shows that the lattice constant of the
clathrate structure expands by about 12% upon insertion
of 48 Li atoms. At this state, the energy change for
Li,Siy is larger than those for a-Li,Sise and a-Lij5Siy.
Subsequent Li insertion can proceed via two paths:
(i) expanding the clathrate structure to accommodate
additional Li atoms, and (ii) transforming the Li,Sisg
clathrate structure to the Li,Si;¢ (e.g., Li;5Siy) silicide
structure. A transformation to lithiated a-Si has been
observed during lithiation of Type II Na-filled silicon
clathrate (Na,Si;s¢).>"8

The long-term cyclic tests suggest that Li atoms can be
inserted and extracted from the cage cavities of Siyg
clathrates. Previous studies”®® have also shown Li atoms
can be inserted and extracted from the cage structure
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FIG. 8. A comparison of dQ/dV responses of Siss and Ba,Al;Sise_,
from the literature.?’

of Ba,Al,Sise_, clathrates. However, the insertion and
removal of Li atoms from the cage cavities of empty Siyg
appears to be easier and leads to improved coulombic
efficiency, higher capacity, and longer life compared to
BagAlgSizg. The observed capacities of empty Siye were
675-809 mAh/g during stable cycling. The number of
Li atoms required to achieve these observed capacities
are computed to be 39 to 49, which are in agreement
with theoretical predictions of a maximum of ~48 Li
based on density functional theory. At these capacity
levels, Li atoms can be inserted and extracted in the
presence of some volume changes (=40% at Li = 48).
A capacity increase was observed when the cell was
held at open circuit between the 50th and 51st cycles
during a pause. During this time, it is possible that there
was an increase in the resistance of the SEI, which led to
the large charge capacity of 1030 mAh/g but low
coulombic efficiency of <70% observed in the 51st
cycle. It is likely that the irreversible capacity was due to
charge being used to re-form the SEI layer. The new SEI
layer formed after the 5S0th cycle may have been thicker
and more resistive, which may have impeded Li trans-
port from the electrolyte to the clathrate.

After the 51st cycle, the discharge capacity started at
~700 mAh/g, a decrease from the 809 mAh/g observed in
cycle 50. At the peak capacity (1030 mAh/g), the number
of Li atoms inserted was computed to be 66 at which point
the lithiated Sis cage structure began to expand sub-
stantially (>120%), Fig. 5. The lower capacities observed
after the 51st cycle may originate from overlithiation,
which may have caused lattice expansion and possible
damage to the clathrate cage structure or amorphization, or
due to formation of a thick and resistive SEI layer after the
open circuit period. The decrease in capacity from
1030 mAh/g at the S1st cycle to 553 mAh/g at the
1050th cycle corresponds to a reduction of the number
of Li atoms inserted from 66 to 31. The corresponding
volume of expansion associated with the cage structure

also decreased from 120% at the peak capacity (51st cycle)
to about 10% at the 1050th cycle when the long-term
cyclic test was terminated. Despite a decrease in capacity,
the Siye electrode remained functional and the number of
Li atoms into the cage exceeded those required to fill the
accessible volume of an unexpanded cage. This finding
indicates that the dimensions of the Siyg cage may be
expandable and can be cycled in an expanded state over at
least 1000 cycles. The decrease in capacity, however,
suggests that Li,Sisq may not be stable when x > 48 and
overlithiation may lead to structural damages or amorph-
ization of Si, depending on the lithiation path. Further-
more, the cage structure appears to be stable at low Li
concentrations but may become unstable at high Li
concentrations (e.g., >48 Li atoms).

In previous studies, the structural changes associated
with unlithiated and lithiated Type I BagAlgSizg were
studied using powder x-ray and neutron diffraction, x-ray
photoelectron spectroscopy (XPS), and solid state
nuclear magnetic resonance (NMR).?”*3 The diffraction
techniques®’~*> did not reveal discernible changes in the
clathrate crystal structure after lithiation and XPS
confirmed the presence of an SEI layer after cycling.?’
29Si static NMR measurements of the lithiated clathrates
showed spectra very similar to unlithiated clathrates.?’
In addition, magic angle spinning solid-state >’ Al NMR
spectra indicated that Li insertion into the cage structure
altered the relative amplitude of 2’Al NMR peaks at
the 16i, 6¢, and 24Kk sites, but no significant change in
chemical shift or structural order was observed.*
Similar characterization work was not performed on
the unlithiated and lithiated Siss because of limited
resources. X-ray diffraction was performed on the
lithiated Siye but the results were not satisfactory due
to the presence of strong Cu peaks from the collector.
Attempts were also made to identify the extra peaks in
the XRD pattern but without success. The extra peaks did
not correspond to those of crystalline Si. Furthermore,
none of the expected by-products, which included
alkene, alkylamines, and Na4Sig, could be lithiated
and should not have affected the lithiation response.
On the other hand, some of the extra peaks could pos-
sibly be matched to the minor peaks of Type II Siz4, but
major peaks of Siz4 were missing. It is possible that
the synthesized silicon clathrate products contained a
mixture of Siss and Siy, silicon clathrates.’”*® Since
previous studies have shown that the cycleability of Sizy
is very limited®”*® and can result in amorphization of Si,
the presence of Siz, impurities in Sizg can adversely affect
the long-term cyclic performance of Siye. On this basis, the
long-term cyclic performance of Siys may be improved
further by increasing the purity of the synthesized Siyg
products. This could also enable the more detailed study of
the structural changes after lithiation, as was previously
undertaken for Type I BagAlgSisg.
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V. CONCLUSIONS

The conclusions reached in this investigation are as
follows:

(1) Long-term cyclic tests performed on Sise electrodes
confirmed the prediction by first-principles computations
that Li atoms can be inserted and stored within the empty
cavities of the cage structure of Siyg.

(2) The theoretical studies show that Sisg structure is
expandable and can accommodate Li atoms in excess of
those required to completely fill the accessible volume of
the empty Siyg cage.

(3) The empty Siye can be cycled long-term for at least
1000 cycles in the expanded state with volume expansion
ranging from 10% to 120%.

(4) Overlithiation of the Siyg electrodes beyond 66 Li
atoms inserted per formula unit resulted in a decrease in
capacities from 1030 mAh/g to 553 mAh/g.
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