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ABSTRACT: The guest-free type II Si clathrate (Si136) is an open framework polymorph
of Si that displays unique electrochemical reactions with Li. Li ions are first topotactically
inserted into the vacant clathrate cages, followed by an alloying reaction that forms an
amorphous lithium silicide phase. The alloying reaction voltage is higher than those seen in
other Si electrodes, suggesting that there are structural differences in the formed
amorphous phases. Synchrotron X-ray total scattering measurements and pair distribution
function analysis are employed to characterize the amorphous phases formed after
lithiation. The results show that the clathrate becomes completely amorphous at an earlier
stage of lithiation when compared to diamond cubic Si, forming a phase with
comparatively larger amounts of Si−Si bonding. The initial insertion of Li into the
clathrate cages establishes important Li diffusion paths that kinetically enable the formation of an amorphous phase with lower Li
content than typically seen in other silicon-based electrodes. After the initial crystalline-to-amorphous conversion reaction, lithiation
takes place via solid-solution alloying. These results demonstrate how the topotactic insertion of Li into an alloying host can
kinetically enable modified reaction pathways leading to more homogeneous lithiation throughout the electrode, which is beneficial
for Li-ion battery applications.

1. INTRODUCTION
Tetrel (Tt = Si, Ge, and Sn) clathrates are host−guest
crystalline structures with a large compositional and structural
space for tuning their properties.1 Due to the interest in Tt-
elements for Li-ion battery anodes, our group and others have
been investigating Tetrel clathrates for applications as Li-ion
battery anodes.2−13 We have found that the cage structure and
accompanying defects in clathrates result in significantly
different electrochemical properties compared to the well-
studied amorphous and diamond cubic elemental phases. For
instance, we have shown that the Ba8Ge43, Ba8Al16Ge30, and
Ba8Ga15Sn31 clathrates undergo solely amorphous phase
transformations upon electrochemical reaction with Li, in
contrast to the crystalline phase transformations typically
observed in electrodes of the constituent elements (i.e., Ge, Al,
Ga, and Sn).13,14 Further, the amorphous phases formed after
lithiation of the clathrates are retained in subsequent cycles
and display promising electrochemical properties as alloying
anodes for Li-ion batteries due to the solid-solution nature of
the lithiation process and lower reaction voltage relative to
those in elemental phases.
Given their open framework structure, we have also

investigated the possibility of topotactic Li insertion into the
cages of guest-free clathrates. We recently reported evidence of
reversible Li insertion into nearly guest-free type II Si
clathrates (Na24−ySi136, y ∼ 23).4 In the type II Si clathrate
structure, Si dodecahedra (Si20) and hexakaidecahedra (Si28)
are fused together into an open framework; the resultant cages
may be filled with Na guest atoms (limiting composition of

Na24Si136) or could be empty or nearly empty (limiting
composition of Na∼0Si136).

15 Figure 1a shows a schematic of a
Si20 (gray) and Si28 (blue) cage connected via a pentagonal
face, and Figure 1b shows a polyhedral packing model of the
clathrate II structure, illustrating the overall connectivity of the
cages.
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Figure 1. (a) Crystal model schematic of the dodecahedra (Si20, gray)
and the hexakaidecahedra (Si28, blue) that comprise the type II Si
clathrate structure with Na guest atoms in the cage centers. Si atoms
are orange and Na atoms are yellow. (b) Polyhedral model of the type
II clathrate Na24−ySi136.
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In our previous investigation of the lithiation properties of
type II Si clathrates, we observed that topotactic Li insertion
into the structure influenced the behavior of the Li alloying
process that was observed after the addition of higher amounts
of Li.4 In nearly guest-free Si clathrates (Na∼1Si136), a voltage
plateau at 0.26−0.30 V vs. Li/Li+ was correlated to Li insertion
into the vacant cages, resulting in a composition of Li32Si136.
Immediately upon the incorporation of more Li, the lithiated
clathrate phase (Li32Si136) then underwent a phase trans-
formation attributed to the formation of an amorphous lithium
silicide phase starting at 0.25 V.2,4 On the other hand, when
the Si clathrate cages were filled with Na guest atoms (i.e., as in
Na11Si136 and Na24Si136), no voltage plateaus at either ∼0.30 V
(from Li insertion) or 0.25 V (from the conversion of
crystalline Li32Si136 to amorphous lithium silicide) were
observed. Rather, a single voltage plateau at 0.12−0.15 V
was seen,4,7 which is more similar to the lithiation process seen
in diamond cubic Si (α-Si).16,17 Because the process at 0.25 V
was only observed if preceded by topotactic Li insertion into
the clathrate (i.e., to form Li32Si136), we speculate that this Li
insertion process kinetically enables the formation of an
amorphous phase with a lower Li content than what is typically
seen in the lithiation of α-Si. To investigate this phenomenon,
herein, we use synchrotron X-ray total scattering measure-
ments to obtain structure function and pair distribution
function (PDF) plots to characterize the local and long-range
structure of the amorphous intermediates formed during the
electrochemical lithiation of the guest-free type II Si clathrate.
By comparing the phases formed upon alloying the clathrate
with Li to those seen when reacting diamond cubic Si (α-Si) to
similar Li compositions, we aim to rationalize the structural
origins of the potential-dependent phase transformations in the
clathrate at degrees of lithiation that exceed the topotactic
insertion process.

2. EXPERIMENTAL METHODS
The type II clathrate was synthesized via the thermal
decomposition of Na4Si4 and prepared into electrodes as
described in our previous work.4 The electrodes were lithiated
galvanostatically in half cells with lithium metal and then
extracted for ex situ measurements. Synchrotron X-ray PDF
measurements were conducted at Diamond Light Source
(Didcot, United Kingdom) at the I15-I dedicated PDF
beamline with λ = 0.161669 Å. The atomic PDF, G(r) as
defined by Farrow and Billinge et al.,18 was generated from the
total scattering data using PDFgetx3 within the xPDF suite
software package.19,20 Synchrotron XRD measurements were
performed at the P02.1 powder diffraction beamline at PETRA

III at the Deutsches Elektronen-Synchrotron (DESY) with λ =
0.20733 Å. More detailed descriptions of the synthesis,
electrochemical and synchrotron measurements, and PDF
analysis are provided in Supporting Information.

3. RESULTS
3.1. Electrochemical Lithiation. To investigate the

structural origin of the alloying reaction in the type II clathrate
electrodes observed beginning at 0.25 V versus Li/Li+, ex situ
synchrotron X-ray total scattering measurements were
conducted after different amounts of Li were electrochemically
inserted, with similar measurements performed on α-Si
electrodes for comparison. The refinement of the as-prepared
clathrate showed that the cages were nearly free of Na guest
atoms, with a composition of Na0.3(1)Si136 and a lattice constant
of 14.6484(8) Å (Figure S1, Table S1). Therefore, from here
on, the clathrate sample will be referred to as Na1Si136. The
voltage profiles and corresponding dQ/dE plots of the first
lithiation of Na1Si136 and α-Si are presented in Figure 2a,b,
respectively, with teal, orange, green, and blue dots showing
the points at which the samples were collected for ex situ total
scattering measurements. The capacity and voltage corre-
sponding to each of the colored dots for each sample are
shown in Table S2.
The voltage profile and dQ/dE plot of lithiation of

crystalline α-Si have already been described in detail in
previous work16,17 and are characterized by a voltage plateau
and peak in the dQ/dE plot at 0.10 V versus Li/Li+

corresponding to the two-phase conversion reaction between
α-Si and an amorphous lithium silicide phase denoted as a-
LixSi, where x ∼ 3.5.17 In the case of the Na1Si136 electrode, a
small voltage plateau and peak in the dQ/dE plot at 0.29 V are
observed, which is attributed to the topotactic insertion of Li
into the clathrate cages. This process and the underlying
structural mechanism were described in detail in our previous
work.4 After the topotactic process, two-phase reaction is seen
at 0.24 V versus Li/Li+, which is assigned to the conversion of
the lithiated clathrate to an amorphous phase.2 As shown in
Figure 2, this alloying reaction occurs at a higher voltage for
the Na1Si136 clathrate than for α-Si. It is also a higher voltage
than that seen in Na-filled clathrates Na24Si136 (type II) and
Na8Si46 (type I), which also alloy with Li to form amorphous
phases beginning at around 0.10−0.15 V versus Li/Li+.5,7

However, the alloying potential of Na1Si136 is similar to the
voltage seen in the lithiation of amorphous Si (0.25−0.30
V),21−25 suggesting that these materials may be undergoing
similar phase transformations (this will be discussed in further
detail later). After the plateau at 0.24 V, the profile of Na1Si136

Figure 2. (a) Voltage profile and corresponding (b) normalized dQ/dE plot of the lithiation of Na1Si136 and α-Si at 25 mA/g (∼C/120) with a
voltage cutoff of 10 mV vs Li/Li+. The teal, orange, green, and blue dots represent the points at which cells were disassembled for ex situ
measurements.
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becomes sloped until reaching the voltage cutoff at 10 mV. In
the dQ/dE plot (Figure 2b), there are broad peaks centered at
90 and 45 mV. The broad peak at 90−100 mV is often seen in
the dQ/dE plots of amorphous Si and is attributed to the
breaking up of larger Si clusters in favor of smaller Si units such
as Si−Si dumbbells and single atoms.22,26 The peak at 45−50
mV is then attributed to the crystallization of the amorphous a-
LixSi phase to crystalline Li15Si4.

22,27 Despite the identical
lithiation capacity of 1000 mA h/g, we observe a large
difference in the reaction potential between the α-Si and Si
clathrate electrodes (∼90 vs 220 mV), which implies that the
lithium silicide amorphous phases, in either case, are
structurally distinguishable. Therefore, analysis of structure
function and PDF plots was conducted to identify the
structural differences between these two different amorphous
phases.
3.2. Structure Function and PDF Analysis. The

structure function and PDF plots of α-Si and Na1Si136 at the
different points in the lithiation process indicated in Figure 2
are presented in Figure 3. The structure function plot is
derived from the total scattering diffraction pattern and allows
for the tentative identification of crystalline and amorphous
phases present through comparison with calculated reference
patterns. Figure 3a shows the structure function plots of the
lithiation of α-Si, with the pristine (i.e., unlithiated) material
showing reflections that match the calculated reference pattern
of α-Si (Figure S2). At 1000 mA h/g (composition of Li1.05Si),
the reflections from α-Si are lower in intensity and broad peaks
appear at around 1.8 and 2.4 Å−1 (marked by blue stars),
indicating the growth of a lithiated amorphous Si phase (i.e., a-
LixSi). Further lithiation to 2000 mA h/g (Li2.10Si) shows a
larger decrease in α-Si reflections and a growth in the broad
peaks attributed to a-LixSi. At the 55 mV voltage cutoff (2650
mA h/g, Li2.77Si), the pristine α-Si continues to be consumed
in the reaction and the broad a-LixSi peaks begin to form
separate peaks, likely related to the crystallization of Li15Si4. At
10 mV (3201 mA h/g, Li3.35Si), the structure function plot
matches that of Li15Si4 (I4̅3d),

28 the phase formed upon full
lithiation,22 indicating that α-Si was completely consumed and

a-LixSi was crystallized into Li15Si4. This behavior is consistent
with previously reported ex situ and in situ XRD analysis of α-Si
during lithiation,17,22 where the two-phase reaction between α-
Si and a-LixSi was correlated to the plateau at ∼0.10 V and the
crystallization of Li15Si4 from a-LixSi to the process at 50 mV.
For the guest-free type II clathrate (Na1Si136), the structure

function plot of the pristine sample (Figure 3b) shows a good
match with the calculated reference pattern of the type II Si
clathrate (Figure S2). At a capacity of 1000 mA h/g (Li1.05Si)
and a potential of 0.22 V, the reflections corresponding to the
pristine clathrate are greatly decreased in intensity and broad
peaks appear around 1.8 and 2.4 Å−1 (marked by the green
diamonds). These peaks, attributed to an amorphous lithium
silicide phase (denoted a-LixSi* to differentiate from the a-
LixSi phase that forms upon lithiation of α-Si), are broader
than those seen in α-Si at 1000 mA h/g, which could be related
to structural differences expected from the large observed
difference in the potential as explained previously. At 2000 mA
h/g (Li2.10Si), the pristine clathrate has been almost completely
consumed and the peaks associated with a-LixSi* increase in
intensity. At this point in the lithiation process, the clathrate
electrode appears to be almost completely amorphous, which is
in contrast to the large fraction of α-Si still present at 2000 mA
h/g for the lithiation of α-Si (Figure 3a). At 55 mV (2484 mA
h/g, Li2.60Si), all the pristine clathrate reflections have
disappeared and only broad a-LixSi* peaks are present. At 10
mV (3118 mA h/g, Li3.26Si), the broad peaks split into separate
reflections that match those of Li15Si4, confirming that the
process observed at 45 mV in the dQ/dE plot (Figure 2b) is
related to the crystallization of Li15Si4. In summary, these
structure function plots confirm the lithiation mechanism of α-
Si and demonstrate that the Na1Si136 clathrate structure, while
like α-Si also undergoes a crystalline-to-amorphous conversion
reaction, is completely consumed at an earlier stage in the
lithiation process relative to that in α-Si. This results in the
formation of a different type of amorphous lithiated
intermediate phase than the one formed from α-Si, although
both of these amorphous phases eventually crystallize into
Li15Si4 at sufficiently low potentials.

Figure 3. Ex situ (a,b) structure function and (c,d) PDF plots of the lithiation of (a,c) α-Si and (b,d) Na1Si136 at the points marked in Figure 2.
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To elucidate the local structural differences of the
amorphous phases, the Fourier transform of the reduced
structure functions was taken to generate the PDF plots.18

Generally, the PDF results of the α-Si samples matched those
reported in previous studies.26 The PDF plot of pristine α-Si
(Figure 3c) is well fit by a least-square refinement of the α-Si
structure, confirming the purity of the pristine material (Figure
S3a and Table S3). The first three correlations represent the
first three coordination shells in α-Si, that is, from direct
covalent Si−Si bonds (2.35 Å), second nearest neighbor (2.83
Å), and third nearest neighbor (4.50 Å) Si−Si distances
(identified at 2.35, 3.8, and 4.5 Å by Key et al.26). After
lithiation, the intensity of these α-Si correlations decreases,
while there are notable changes at low r values (2−5 Å) that
originate from the amorphous phase (a-LixSi) that is formed at
the expense of α-Si as more Li is incorporated into the
electrode. Three specific correlation distances are indicated
with dotted lines in Figure 3c that correspond to direct Si−Si
bonds (2.35 Å, red), Li−Si bonds (∼2.8 Å, blue), and first
nonbonding Si−Si distances (∼4.7 Å, black). As Li is
incorporated into the system, the silicon lattice is broken up
and a decrease in the correlations related to Si−Si bonds is
expected, while the new correlations from Li−Si bonds and
nonbonding Si−Si correlations are expected to increase in
intensity, as seen in the PDF taken from the electrode after
lithiation to 1000 mA h/g. For α-Si lithiated to 10 mV, the
PDF pattern was refined to crystalline Li15Si4 with a fairly good
fit (Rw = 0.254) and a lattice parameter of 10.7126 Å (Figure
S3b). The PDF also shows residual Si−Si correlations at 2.28
Å, which were attributed to Si−Si dimers in studies by Key et
al.26 and were incorporated into the refinement using the α-Si
structure with a nanoparticle amplitude correction parameter
of 4 Å. On the basis of the similarity of the peak positions
between the new correlations that emerged in the PDF of the
lithiated α-Si samples (at ∼2.8 Å from Li−Si and ∼4.7 Å from
nonbonding Si−Si) with the low r correlations for Li15Si4 (as
seen in the PDF of the 10 mV sample), we posit that these new
correlations have a similar origin as those in Li15Si4. In the
Li15Si4 structure,

28 the Si atoms are surrounded by Li atoms
with a coordination number of 12 (Figure S4), so there are no
direct Si−Si interactions. The PDF results confirm the reaction
mechanism for lithiation of α-Si, whereby a lithiated
amorphous phase forms in two-phase reaction at the expense
of α-Si, with eventual crystallization to Li15Si4 at low potentials
near the end of lithiation.
The PDFs for the lithiation of Na1Si136 are shown in Figure

3d. The PDF of pristine Na1Si136 fits well in the refinement
with the type II Si structure model (Figure S3c). Notably, the
first two Si−Si distances are similar in α-Si and Na1Si136; the
third-nearest neighbor is 5.45 Å for the clathrate, while it is
4.50 Å for α-Si. This longer distance reflects the open cage
structure of the type II clathrate. At a lithiation capacity of
1000 mA h/g, the correlations in the PDF significantly
decrease in intensity, suggesting a decrease in the long-range
order and that amorphization is occurring in the sample. As in
the α-Si PDFs, correlations at 2.8 Å (Li−Si, blue) and 4.5−4.7
Å (Si−Si, black) begin to appear that correspond to Li−Si and
nonbonded Si−Si correlations, respectively, while the
correlation related to direct Si−Si bonds (2.35 Å, red)
decreases. In the PDF of Na1Si136 lithiated to 2000 mA h/g,
the pristine clathrate appears to have been almost completely
consumed in the reaction, consistent with the structure factor
plot (Figure 3b). At 55 mV, the structure is highly disordered

with broad peaks around 2.3−2.9 and 4.6−4.9 Å. At 10 mV,
correlations at high r (20−30 Å) appear, evidence of the long-
range order. As in α-Si, the amorphous phase formed during
the initial lithiation of the clathrate crystallizes into Li15Si4 at
the end of lithiation, which is supported by the PDF
refinement (Figure S3d) and observation of Li15Si4 peaks in
the structure function plot (Figure 3b). The PDF plots
demonstrate that one of the major structural differences
between the lithiation of α-Si and the type II Si clathrate is the
Li composition at which the host structure is consumed during
lithiation. The clathrate becomes completely consumed earlier
in the lithiation process (by 2000 mA h/g or a composition of
∼Li2.10Si), compared to 3201 mA h/g (Li3.35Si) for α-Si. In
other words, a smaller amount of Li reacting with the clathrate
will cause complete amorphous phase formation compared to
Li needed to fully consume α-Si.
To understand how the local structure of the lithiated

amorphous phases derived from the two different starting
materials differ, the PDFs of the lithiated electrodes were fit in
the following manner. First, the crystalline contributions of the
PDFs were fit to the structures of the pristine, unlithiated
starting materials (α-Si and Na1Si136). On the basis that the
lithiation process takes place via two-phase alloying reaction,
the lithiated electrodes should consist of the unreacted
crystalline starting phases and amorphous Li-containing
phases; the difference curve of the refinement fit to the
crystalline starting phase should therefore reveal the local
structure information of the lithiated amorphous phase. These
refinements are shown in Figure S5 (parameters in Tables S3
and S4), while the difference curves (with crystalline phases
removed) are plotted and shown in Figure 4a,b. For the
Na1Si136 electrode lithiated to 10 and 55 mV, the actual PDF
(rather than a difference curve) is shown in Figure 4b due to
the absence of crystalline Na1Si136 phases in these samples.
By subtracting away the correlations from the crystalline

phases, the correlations corresponding to the amorphous
phases are more evident in the difference curves. For example,
the PDF pattern of α-Si after lithiation to 2000 mA h/g still
contains a noticeable amount of α-Si, and the correlation
around 4.75 Å attributed to the amorphous phase can be barely
discerned (Figure 3c). However, the features originating from
the amorphous phase are more clearly elucidated in the
difference curves (Figure 4a). Due to the low scattering of
lithium-rich phases to X-rays, some of the PDFs have noise
that manifests as high-frequency ripples in the PDF plot. This
is most evident in the difference curve of α-Si at 1000 mA h/g,
likely due to the small amount of the amorphous phase present
in the sample. Despite the noise, there are noticeable
correlations centered at 2.35, 2.83, and 4.75 Å which, as
described earlier, are attributed to Si−Si bonds, Li−Si bonds,
and nonbonding Si−Si distances, respectively. The PDFs of the
α-Si electrodes at the higher degrees of lithiation (2000 mA h/
g, 55, 10 mV) look similar, suggesting a shared local structure.
The main difference between the PDFs is the sharpness of the
peaks corresponding to direct Si−Si (2.28−2.35 Å) and Li−Si
(2.73−2.80 Å) bonds. The Si−Si and Li−Si correlations are
merged in the sample lithiated to 2000 mA h/g, while the
peaks begin to split as the potential goes from 55 to 10 mV.
The broad peaks in the PDF at 2000 mA h/g are expected as
this phase is completely amorphous, which results in a
broadening of the PDF features due to the larger distribution
of different Si and Li atomic environments. The subsequent
sharpening of the peaks at lower potentials is consistent with

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c04020
J. Phys. Chem. C 2021, 125, 19110−19118

19113

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04020/suppl_file/jp1c04020_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the crystallization of Li15Si4, which results in more defined Li−
Si distances. Despite the changes in capacity and voltage, the
local structure of the amorphous lithium silicide remains the
same; this behavior is consistent with the two-phase reaction
mechanism where, as Li enters the system, the lithium silicide
phase grows at the expense of the unlithiated phase and the
potential remains invariant.29

Another important factor is that the correlation related to
direct Si−Si bonding at around 2.28−2.35 Å decreases in
intensity compared to the correlation at 4.75 Å as the lithiation
proceeds. The ratio of these correlations is a qualitative
indication of the degree to which the Si matrix has been
broken up by the incorporation of Li atoms. The larger the
intensity of the peak at around 4.75 Å (which we call
GNonbonded) relative to the one at 2.28−2.35 Å (GBonded) means
that more Si−Si bonds are being broken to form isolated Si
atoms, which is similar to the structure found in crystalline
Li15Si4. This ratio of peak intensities is plotted and shown in
Figure 4c, which shows the ratio of GBonded/GNonbonded for the
different samples. For α-Si (red curve), this ratio starts at 1.2
and then remains at 0.75 until the end of lithiation and
crystallization of Li15Si4. The decrease in the ratio of GBonded/
GNonbonded as more Li is incorporated indicates that the
amorphous lithiated phase that initially forms has a larger
amount of Si clusters with retained Si−Si bonding compared to
the amorphous lithiated phase found at higher degrees of
lithiation (i.e., two distinct amorphous lithium silicide phases
with different local structures). This interpretation is consistent
with previous NMR studies showing two Li chemical shifts that
correspond to Li next to Si clusters and Li surrounding isolated

Si atoms at the beginning of lithiation of α-Si.30 As the
lithiation proceeds, the amount of Si clusters in the amorphous
phase eventually decreases while isolated Si atoms increase,
consistent with the lower amount of Si−Si bonds observed in
the PDFs of α-Si with high Li content (2000 mA h/g, 55, 10
mV).
In contrast, the lithiated amorphous phases formed during

lithiation of the clathrate are found to have an evolving local
structure. From the difference curves shown in Figure 4b, the
correlation at 2.35 Å, related to direct Si−Si bonds, has a much
higher intensity relative to the correlations from 4−5 Å
(related to next nearest neighbor Si−Si correlations) found in
the PDF of the electrode lithiated to 1000 mA h/g. This
indicates that a large amount of Si−Si connectivity from the
original clathrate structure was retained in the amorphous
phase. This is supported by the GBonded/GNonbonded ratio shown
in Figure 4c, showing a much higher ratio of connected Si to
unconnected Si compared to α-Si lithiated at the same capacity
(i.e., 2.5 vs 1.2 at 1000 mA h/g). This suggests that the
different Si connectivity is one of the distinguishing features of
the amorphous phases formed in α-Si versus clathrate
electrodes. In addition, there is a notable peak at 3.83 Å in
the PDFs of the clathrate samples that is related to the next-
nearest neighbor correlations in a Si tetrahedron or Si
pentagon, indicating that Si clusters of this size are still present
in the amorphous phase.26 The noise in the PDF of α-Si
lithiated to 1000 mA h/g makes it difficult to distinguish
whether or not a similar peak at 3.83 Å is present, but we
believe that it is possible given the observation of Si clusters in
the previous NMR studies.26,30 The local structure of the
amorphous phase formed after lithiation of the clathrate to
2000 mA h/g, the point at which the pristine phase has been
almost completely consumed, shows a decrease in intensity in
the correlations at 2.35 and 3.83 Å and an increase in intensity
for the correlations around 4.75 Å, indicating that Si−Si bonds
have been broken. Further lithiation to 55 mV shows a similar
trend as that seen in α-Si where the GBonded/GNonbonded ratio
decreases, suggesting that lithiation proceeds through a
continuous breaking of Si−Si bonds with the incorporation
of more Li. At 10 mV, the local structure is similar to the one
at 55 mV but with sharper and more defined correlations,
consistent with the crystallization of Li15Si4.
To better understand the local structure of the lithiated

clathrate at 1000 mA h/g and 2000 mA h/g, the two difference
curves from the refinement are plotted with the simulated total
and partial PDFs of Li12Si7 (Figure 5a), a crystalline phase
comprising Si arranged in “stars” and pentagons (Figure 5b).
Because the pristine clathrate structure contains Si atoms in
both of these arrangements and because the composition of
the electrode lithiated to 2000 mA h/g (Li2.10Si) is similar to
that of Li12Si7 (Li1.71Si), we believe that this comparison could
help to elucidate the local structure of the lithiated amorphous
phase, a-LixSi*, present at this point of the lithiation process.
As shown in Figure 5a, the two shortest correlations in the

total PDF of Li12Si7 correspond to direct Si−Si bonds and Li−
Si bonds. Notably, the Li−Si correlations only contribute
significantly to the total PDF at around 2.74 Å, while at higher
distances, the Si−Si correlations dominate. The three
correlations indicated with the dotted lines in the Li12Si7
total PDF (3.83, 4.25, and 4.62 Å) are identified and shown
in Figure 5b, with the color of the bond matching the dotted
line shown in Figure 5a. At 3.83 Å (cyan), there is a small peak
in the calculated PDF pattern of Li12Si7 that corresponds to the

Figure 4. Difference curves of PDFs of lithiated (a) α-Si and (b) type
II Na1Si136 electrodes after fitting to crystalline α-Si or Na1Si136,
respectively. The plots corresponding to the electrodes lithiated to 10
and 55 mV for Na1Si136 are the actual PDF patterns (not difference
curves). (c) Plot comparing the ratio of the intensity of the direct Si−
Si correlations (GBonded) to the indirect Si−Si correlations (GNonbonded)
at different stages of lithiation. The higher ratio gives a qualitative
indication of a higher amount of Si−Si connectivity within the
amorphous phase.
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next-nearest neighbor distance in the Si pentagon. This
correlation appears to be present in the PDFs of the clathrate
lithiated to both 1000 and 2000 mA h/g, suggesting that
similar Si−Si distances are present in the a-LixSi* amorphous
phase. Next, there is a small correlation at around 4.25 Å
(purple), which manifests as a shoulder to the larger peak at
4.62 Å (black). The former correlation corresponds to the Si−
Si distance in Li12Si7 found between parallel Si pentagons as
well as the edge of the Si4 stars (purple). The latter
corresponds to Si−Si correlations between the pentagon and
star Si clusters (black). This distance (4.62 Å) matches the
correlation seen in the 2000 mA h/g PDF but is larger than
that observed in the 1000 mA h/g PDF (4.52 Å). Both of these
correlations are shorter than the nonbonding Si−Si correlation
at 4.70 Å for Li15Si4 (Figure S4a), suggesting that isolated Si
atoms are not the major feature in the lithiated clathrate
phases. This is consistent with the high GBonded/GNonbonded ratio
shown in Figure 4c. The correlations from ∼3.8 to 5.5 Å are
broader than those in crystalline Li12Si7, which is expected for
disordered amorphous phases. On the basis of the similar
correlation distances in the amorphous phase seen in PDFs at
1000 and 2000 mA h/g as those in Li12Si7 as shown in Figure
5a and the higher GBonded/GNonbonded ratio indicating more Si−
Si bonding (Figure 4c), we expect that large Si clusters such as
pentagons, stars, or other larger aggregates are present in the
amorphous phase formed during the initial lithiation of the Si
clathrate.
The PDF results show that the main structural differences in

the amorphous phases formed upon lithiation of α-Si and the
type II Si clathrate are related to (1) the Si−Si connectivity
within the amorphous phase and (2) the amount of Li needed
to fully amorphize the crystalline host. In the case of α-Si, an
amorphous phase with high Li content (x in LixSi has been
estimated to equal 3.5 based on an in situ XRD study17) is
formed that contains a significant fraction of isolated Si atoms.
In the type II Si clathrate, the amorphous phase forms with a
lower Li content (around Li2Si) and hence retains more Si−Si
bonding. As lithiation proceeds, the degree of Si−Si
connectivity continuously decreases until reaching a local
structure similar to that in Li15Si4.

4. DISCUSSION
The electrochemical Li alloying mechanism in the type II Si
clathrate can be summarized based on the presented results as

follows (Figure 6). After topotactic Li insertion into the vacant
cages (from 0.30 to 0.26 V), a flat plateau at 0.24 V is

observed, which is followed by a sloped voltage profile until the
voltage cutoff. The plateau at 0.24 V is assigned to the two-
phase reaction between the lithiated clathrate (Li32Si136) and
the amorphous a-LixSi* phase, where both phases are present
until a composition of Li1.05Si (corresponding to a capacity of
1000 mA h/g). From the PDF analysis, the local structure of
the amorphous a-LixSi* phase is proposed to consist of large Si
clusters/chains with many direct Si−Si bonds. Considering
that the original clathrate structure comprises Si atoms
arranged in pentagons and hexagons, we believe that these Si
clusters could be kinetically accessible at room temperature as
only a few Si−Si bonds need to be broken to form them. This
amorphous structure is notably different than one seen in α-Si
at 1000 mA h/g (Figure 4a,c), which contains fewer Si−Si
bonds. Because the chemical potential (and hence electrode
potential) of the Li−Si phases is determined by the amount of
Li in the phase and size of the Si clusters,32−35 the number of
Si−Si bonds is expected to correlate with the reaction voltage.
We thus identify the large Si clusters in the amorphous
clathrate phase as the origin of the higher reaction potential
seen in the clathrate (0.22 V) compared to the α-Si (0.09 V)
electrodes at the same lithiation capacity of 1000 mA h/g.
With the introduction of more Li, the pristine clathrate is

almost completely consumed at a capacity of 2000 mA h/g
(corresponding to a composition of Li2.10Si). From the sloped
voltage profile, it is expected that the lithiation process occurs
as single-phase reaction where Li atoms distribute throughout
the whole sample while continuously breaking Si−Si bonds,
which results in a monotonic decrease in the potential. This is
supported by Figure 4c, which shows a decrease in the GBonded/
GNonbonded peak ratio upon increasing lithiation. From the
comparison of the PDF at a composition of Li2.10Si to the
simulated PDF of crystalline Li12Si7 (Figure 5), we expect that
similar Si clusters (i.e., pentagons and stars) could be present
due to the analogous positioning of the Si−Si correlations.
As more Li enters the system to reach a composition of

Li3.30Si and a potential of 10 mV, the amount of remaining Si−
Si bonds decreases until the amorphous phase crystallizes to
Li15Si4 with some residual Si−Si bonds remaining. The dQ/dE
plot of the clathrate is characterized by a broad peak at 0.10 V
versus Li/Li+; a similar peak in the dQ/dE plot of the lithiation
of amorphous Si has been attributed to the conversion of two

Figure 5. (a) Difference curves of PDFs of lithiated type II Na1Si136
electrodes after fitting to crystalline Na1Si136 and simulated total and
partial PDF of Li12Si7. (b) Crystal structure model of Li12Si7 (from ref
31) displaying only the Si atoms. The dashed colored lines
correspond to correlation distances in (a).

Figure 6. Proposed lithium alloying mechanism for the guest-free type
II Si clathrate.
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distinct amorphous phases (a-Li2.5Si and a-Li3.5Si).
26,36 After

isolated Si atoms become the dominant feature, the a-LixSi*
phase can then undergo the amorphous-to-crystalline phase
transformation to form Li15Si4 due to the similar local
structures.37

Based on these results, we liken the alloying behavior in the
type II Si clathrate to be similar to that in amorphous Si.
Numerous mechanisms have been proposed for the first cycle
reaction between Li and amorphous Si, with certain analyses
showing two-phase reactions between pristine amorphous Si
and a distinct amorphous lithium silicide phase,21,25,38 while
others show single-phase behavior,27,36,39 depending on the
sample conditions and electrode parameters. Despite these
opposing descriptions, it is generally agreed that lithium
insertion into amorphous Si beyond the first cycle follows
solid-solution behavior. An example dQ/dE plot of the
lithiation of amorphous Si is reproduced and shown in Figure
S6 and compared to that of the type II Si clathrate. Despite the
different processes at high potentials (see Figure S6 for more
details), the low potential processes associated with the Li
alloying reactions are similar, suggesting that Li is able to
spread across the Si matrix and continuously break Si−Si
bonds via single-phase reaction in both materials.
From the comparison of the lithiation characteristics of

Na1Si136 to those of other clathrates, the effect of bulk Li
diffusion throughout the whole Si matrix on the electro-
chemical profile becomes clear. This point is illustrated in
Figure 7a,b, which compares the reported voltage and dQ/dE
plots, respectively, for Na-filled Si clathrates from this and
previous works,5,7 along with those of amorphous Si17 and α-
Si. Upon lithiation, the Na-filled type II clathrates (Na11Si136
and Na24Si136) display voltage plateaus similar to that seen in
α-Si and notably at lower potentials than the sloped voltage
profiles from amorphous Si and nearly guest-free clathrate
(Na1Si136). When the Si28 cages of the type II Si clathrate are
filled with Na (as in the case of Na11Si136 and Na24Si136), Li has
low diffusivity throughout the bulk as the Li migration barriers
around the Na guest atoms are expected to be high.4 Similarly,
there is low Li diffusivity in α-Si.40 This low Li diffusivity can
explain the two-phase reaction mechanism seen in Na11Si136,
Na24Si136, and α-Si, whereby lithiation occurs through a
moving phase boundary between a lithiated and nonlithiated
phase rather than homogenous lithiation through a solid
solution. On the other hand, the topotactic insertion reaction
of Li into Na1Si136 allows for Li to spread throughout the Si
matrix, forming Li32Si136 with Li sites in the Si28 cages

throughout the electrode and establishes important diffusion
paths that are maintained after amorphization occurs.4 This
allows the nearly guest-free type II Si clathrate to form an
amorphous phase with a higher amount of retained Si−Si
bonds than those found in the Na-filled clathrates, which is
responsible for the higher voltage during the initial part of the
lithiation process. Given that the clathrate host becomes
amorphous at a composition with comparatively lower Li
content, the reaction is then able to proceed through a single-
phase reaction similar to that seen in the lithiation of
amorphous Si.
Another interesting trend in the Na-filled clathrates

(Na11Si136, Na24Si136, and Na8Si46) is that they all react at a
higher voltage (around 0.12−0.15 V vs Li/Li+) compared to α-
Si (0.10 V) (Figure 7b). We speculate that this behavior could
originate from the presence of the Na guest atoms within the Si
framework, which provide extra electron density41 that could
aid in destabilizing the Si−Si bonds as Li is inserted and the
amorphization process begins.42 Because Si−Si bond breaking
is expected to be the most kinetically difficult step of the
reaction,26 the presence of Na atoms could modify the local
structure of the amorphous phase, which would change the
reaction voltage. Future PDF studies would be insightful for
confirming this speculation.
It is also interesting to note that the voltage characteristics of

the type I clathrate, Na8Si46,
5 are similar to those of the Na-

filled type II clathrate (Na24Si136).
7 The type I clathrate

structure has a different arrangement of polyhedral cages
comprising six tetrakaidecahedra (Si24) and two dodecahedra
(Si20) per unit cell. Though the arrangement of Si is slightly
different in the type I and type II structures, the local structures
are similar. Because both crystal structures become amorphous
during electrochemical lithiation, the small differences in the
initial crystalline structures are not expected to result in
significant differences in the local structure after lithiation
because the properties of the amorphous phases are dominated
by local interactions. This is an important point as it suggests
that the composition of the clathrate is more relevant for
determining the electrochemical alloying behavior rather than
the structure of the clathrate. In this case, we see that the
alloying behavior in nearly Na-free clathrate is more similar to
the solid-solution process seen in amorphous Si, whereas the
Na-filled clathrates all display similar two-phase reactions. As
explained earlier, this distinction likely has to do with the
diffusivity of Li through the structure, with the presence of Na

Figure 7. Comparison of the voltage profiles and dQ/dE plots of various reported Si structures. The data for Na1Si136 and α-Si are from this work,
that for Na24Si136 from ref 7, that for Na11Si136 from ref 4, that for Na8Si46 from ref 5, and that for amorphous Si from ref 17.
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guest atoms decreasing the Li diffusivity and inhibiting the
single-phase reaction.

5. CONCLUSIONS
X-ray pair distribution analysis is used to investigate the
amorphous alloying pathway of Na1Si136 and compare it with
that of diamond cubic structured α-Si. We find that after the
initial insertion of Li into the empty cages, the clathrate goes
through a two-phase reaction to form an amorphous phase
with a high amount of Si−Si connectivity. Upon incorporation
of more Li, the local structure of the amorphous phase changes
via the continuous breaking of Si−Si bonds, resulting in a
sloped voltage profile. Near the end of lithiation, broad peaks
in the dQ/dE plot at 0.10 V and 50 mV are observed, which is
similar to those seen in the lithiation of amorphous Si. The
PDF measurements confirm that the observed feature at 45
mV corresponds to the amorphous-to-crystalline phase trans-
formation to form Li15Si4, suggesting that the clathrate behaves
similarly to conventional Si electrodes after the initial insertion
and two-phase reaction.
The origin of the high-voltage two-phase reaction is

attributed to the initial topotactic Li insertion process into
the clathrate cages, which distributes Li throughout the Si
matrix and forms crystalline Li32Si136. With the further addition
of Li, an amorphous lithium silicide phase is formed but
contains less Li than the amorphous phase formed during the
lithiation of α-Si. This amorphous phase is then lithiated
further through a single-phase reaction mechanism. These
results not only elucidate the differences in lithiation properties
of the type II Si clathrate compared to α-Si but also
demonstrate how bulk Li insertion into the structure prior to
alloying can lead to modified reaction paths by kinetically
enabling the nucleation of amorphous phases with lower Li
content.
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A.; Dahn, J. R. In Situ 119Sn Mössbauer Effect Study of the Reaction
of Lithium with Si Using a Sn Probe. J. Electrochem. Soc. 2009, 156,
A283−A288.
(37) Gu, M.; Wang, Z.; Connell, J. G.; Perea, D. E.; Lauhon, L. J.;
Gao, F.; Wang, C. Electronic Origin for the Phase Transition from
Amorphous LixSi to Crystalline Li15Si4. ACS Nano 2013, 7, 6303−
6309.
(38) McDowell, M. T.; Lee, S. W.; Harris, J. T.; Korgel, B. A.; Wang,
C.; Nix, W. D.; Cui, Y. In Situ TEM of Two-Phase Lithiation of
Amorphous Silicon Nanospheres. Nano Lett. 2013, 13, 758−764.
(39) Wang, X.; Singh, S. S.; Ma, T.; Lv, C.; Chawla, N.; Jiang, H.
Quantifying Electrochemical Reactions and Properties of Amorphous
Silicon in a Conventional Lithium-Ion Battery Configuration. Chem.
Mater. 2017, 29, 5831−5840.
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