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ABSTRACT: Type I silicon clathrates based on BagAl Siys., (8 <y <
12) have been studied as potential anodes for lithium-ion batteries
and display electrochemical properties that are distinct from those
found in conventional silicon anodes. Processing steps such as ball-
milling (typically used to reduce the particle size) and acid/base
treatment (used to remove nonclathrate impurities) may modify the
clathrate surface structure or introduce defects, which could affect the
observed electrochemical properties. In this work, we perform a
systematic investigation of BagAlSis., clathrates with y ~ 16, ie,
having a composition near BagAl|4Siz, which perfectly satisfies the
Zintl condition. The roles of ball-milling and acid/base treatment
were investigated using electrochemical, X-ray diffraction, electron
microscopy, X-ray photoelectron and Raman spectroscopy analysis
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. The results showed that acid/base treatment removed

impurities from the synthesis, but also led to formation of a surface oxide layer that inhibited lithiation. Ball-milling could remove
the surface oxide and result in the formation of an amorphous surface layer, with the observed charge storage capacity correlated
with the thickness of this amorphous layer. According to the XRD and electrochemical analysis, all lithiation/delithiation
processes are proposed to occur in single phase reactions at the surface with no discernible changes to the crystal structure in the
bulk. Electrochemical impedance spectroscopy results suggest that the mechanism of lithiation is through surface-dominated,
Faradaic processes. This suggests that for off-stoichiometric clathrates, as we studied in our previous work, Li" insertion at defects
or vacancies on the framework may be the origin of reversible Li cycling. However, for clathrates BagAl S, , with y ~ 16, Li
insertion in the structure is unfavorable and low capacities are observed unless amorphous surface layers are introduced by ball-

milling,
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Bl INTRODUCTION

Silicon clathrates' are known for their unique structures and
potential as superconducting,”” " thermoelectric,'' ™" mag-
netic,"®"’ photovoltaic,w’21 hydrogen storage,zz’23 and hard
materials.”* Compounds with the general formula M,Si,s are
known as type I clathrates (where M denotes the guest atoms,
e.g. Ba, and 0 < x < 8), with their structures made of large
polyhedra fused together into an open-framework containing
two pentagonal dodecahedra (Siy,) and six tetrakaidecahedra
(Si,4) per unit cell. The guest atoms are found at the 6d (center
of the Si,, cages) and 2a sites (center of the Siy, cages), while
the clathrate framework is composed of Si at three crystallo-
graphic sites (6c, 16i, and 24k) as described with Wyckoff
symmetry notation (Figure 1). Framework substitution,
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whereby some of the Si atoms are substituted with another
element, is also common in clathrates. Example type I ternary
clathrates that have been studied adopt the form BagX|Siyg.,
where X = Al, Ga, Zn, Cu, Ni, etc.”>~>’ Such substituents help
stabilize the clathrate structure by fulfilling the Zintl concept,”®
where each element achieves a closed shell state.”” The net
result is that the Fermi level is moved into a region with
typically lower density of states, which can affect the electronic
stability and transport properties.”” For example, this condition
is met in BagAl,Siso, where the 16 valence electrons from the
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Figure 1. Combined ball-and-stick/polyhedral illustration of the type I
clathrate BagAl, ¢Sis,.

Ba guest atoms are balanced by substituting 16 Al atoms in
place of Si atoms within the host framework. The electronic
structures of clathrates can also be stabilized via the creation of
framework vacancies, for example in BagAl,Sis (3/4)1s.(1/4)w
BagGe,3[1; and CsgSnyy [, where [] = vacancy). > #*>397*

Recently, there has been much interest in the electrochemical
properties of clathrates and their potential for applications in
batteries.”*” Within the clathrate structure, Li could possibly
occupy sites inside the Siy, and Siy, cavities (in the case of M
deficiency), in addition to vacancy sites on the Si framework.
Our previous first-principles density functional theory (DFT)
studies showed that the clathrate structure could be stabilized
when Li was inserted into Si framework vacancies or Ba guest
atom vacancies within the Siy, cages; additionally, the
calculations showed that multiple Li atoms can fit inside the
Siyy cages."’s’37 In our group’s previous experimental studies,36
we found that ternary type I clathrates based on BagALSi,q_, (8
< y < 12) displayed voltage-dependent redox characteristics
distinct from those observed in diamond cubic Si, amorphous
Si, and silicon oxides. Moreover, no discernible changes in the
local bonding and crystalline structure of the type I clathrates
were observed by nuclear magnetic resonance (NMR) or X-ray
diffraction (XRD) after lithiation. The as-prepared clathrates
investigated in our previous study had varied chemical
compositions, reflecting the synthetic difficulties in the
preparation of BagALSi,., with defined y. The unambiguous
compositional characterization of such clathrates is already
nontrivial due to the low scatterin% contrast of Si and Al in both
X-ray and neutron diffraction.’”'® In our case, the as-
synthesized samples also contained some unreacted precursors
and side products such as Si and BaSi,. In order to remove
these nonclathrate species so that the electrochemical behavior
of just the clathrate phase could be isolated, ball-milling
followed by acid and base etching was employed. However, it is
not known what role, if any, these processing steps played in
the formation of additional defects in the clathrate structure, or
the observed electrochemical properties of the clathrate
composite electrodes.

To better understand these issues, here a systematic
investigation of charge-compensated silicon clathrates with
composition close to the stoichiometric Zintl condition (i.e.,
BagAl,4Siy,) was performed. This would enable the evaluation
of the electrochemical properties of silicon clathrates with a
minimal number of defects such as framework vacancies.
BagAl ¢Siy, clathrate materials were prepared using arc melting
or hot-pressing. Then, different processing steps (such as ball-

milling, acid/base etching) were introduced and studied with
XRD, X-ray photoelectron spectroscopy (XPS), Raman spec-
troscopy, electron microscopy, and electrochemical analysis to
understand their role on the electrochemical behavior and other
physicochemical features.

We find that very few Li atoms can be electrochemically
inserted into the clathrates BagAlLSi,e, with y ~ 16, ie,
composition near BagAl,(Siyy, which perfectly satisfy the Zintl
concept.”” Rather, the electrochemical processes resemble one
dominated by surface adsorption behavior and low reversible
lithiation capacities ~40 mAh/g. The acid/base etching
treatment, while not affecting the crystallinity of the clathrate,
caused the formation of an oxygen-terminated surface, which
resulted in a decrease in the overall lithiation capacities. The
introduction of ball-milling resulted in higher observed specific
capacities, although not solely from the reduction of the particle
size. High resolution transmission electron microscopy (TEM)
observations showed that ball-milling led to the formation of
amorphous surface layers on the clathrates. The presence of
this amorphous layer was correlated to higher lithiation
capacities, with the lithiation mechanism similar to a surface
dominated, pseudocapacitive-like process rather than one
relying on Warburg-type diffusion based on the electrochemical
impedance spectroscopy analysis. These results show that for
clathrates BagAl Siys, with y ~ 16, Li insertion in the structure
is unfavorable unless amorphous surface layers are introduced.
This suggests that for nonstoichiometric clathrates, as we
studied in our previous work, Li* insertion at defects or
vacancies on the framework may be the origin of reversible Li

cycling.

B EXPERIMENTAL SECTION

Synthesis of BagAl,¢Si;, Clathrates by Arc-Melting. The
clathrate samples prepared by arc-melting are named with the prefix
“AM”. In the arc-melting preparation, the elements Ba, Si, and Al
(commercial grade materials with stated purity 99.9 wt %) were
weighed in an Ar-filled glovebox (controlled O, and moisture
atmosphere). The total weight of the starting materials was ca. 600
mg. The stoichiometric ratio was chosen to achieve a composition of
BagAl (Siy within less than 0.1% error. Then, the materials were
quickly transferred to the chamber of a custom-made arc-melter, which
was evacuated to ca. 107 Torr and backfilled with high purity Ar. After
the initial melting, the formed ingot was taken out and turned over.
The melting process was repeated three times to ensure good
homogeneity. The weight of the ingot at the end of the process was
checked and the observed loss was less than 0.5%.

The as-made, arc-melted ingots were processed further, as shown in
Figure 2. AM-1 refers to the sample obtained after the as-made, arc-
melted ingot was ground by hand using a mortar and pestle. Then, this
sample was ball-milled for 40 min (SPEX 8000, stainless steel grinding
set) to yield AM-2. AM-2 was suspended in deionized water and
treated with 3 M HCI for 12 h to remove the BaSi,. After the acid
treatment, the powder was recovered using vacuum filtration and
washed with deionized water. Next, the powder was treated with 1 M
NaOH for 12 h to remove amorphous or cubic Si, then recovered
using vacuum filtration and washed with deionized water and dried to
yield AM-3. AM-4 and AM-S were obtained by ball-milling AM-3 after
the etching treatment for 40 and 120 min, respectively.

Synthesis of BagAl,¢Si;, Clathrates by Hot-Pressing. The
clathrate samples prepared by hot-pressing are named with the prefix
“HP”. BaH, was used as the Ba source for the synthesis. Stoichiometric
amounts of BaH,, Al, and Si were mixed and loaded into an alumina
boat, which was then heated in a tube furnace to 850 °C for 48 h
under Ar atmosphere. Then, the powder was introduced into a '/, in.
graphite die and hot-pressed for 1 h at 850 °C and 100 MPa.
Afterward, the sample was ground by hand using a mortar and pestle.
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Figure 2. Schematic illustrating the processing performed on the
BagAl,4Siy, clathrate samples prepared by arc-melting.

Materials Characterization. The silicon clathrates were charac-
terized using wavelength dispersive X-ray spectroscopy (WDS), XRD,
XPS, and Raman spectroscopy and imaged using scanning and
transmission electron microscopy. The clathrate powders were
prepared into composite electrodes with carbon black and binder
and the electrochemical properties were evaluated in half cells with Li
metal counter electrodes in nonaqueous electrolyte. More details
about the materials characterization and electrochemical measure-
ments are described in the Supporting Information (SI).

B RESULTS AND DISCUSSION

Structural Characterization. The XRD pattern of AM-1
matched the reflections associated with BagAl (Si;, (reference
pattern: PDF 00-055-0373)*° (Figure 3A). Additionally, some
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Figure 3. XRD patterns of BagAl Siz, samples prepared by (A) arc-
melting, and (B) hot-pressing. The reference pattern for BagAl;Sis,
(PDF 00-055-0373) is shown on the bottom for comparison.

weak reflections that were not associated with the clathrate
structure were observed at 26 = 22.2, 28.4, 28.7, 29.9, and 33.3°
(SI Figure S1A). The reflection at 28.4° is likely from the (111)
reflections of diamond cubic Si, as this is commonly seen in
clathrate syntheses as an indication of some unreacted
precursor.'***" The other reflections are close to the positions

of the (102), (211), (103), and (301) diffracting planes of

BaSi,, but the most intense reflection, for the (112) planes
expected at 27.3° was not observed in AM-1; hence it is unclear
if BaSi, was present in the sample. These other reflections
could be from a compound with BaAl,-type structure, as
suggested in previous studies."” BaAl,Si, was also identified in
previous studies on BagALSi,e., clathrate;'*** the peak at 20 =
28.7 ° could be from the (211) plane of BaAl,Si,, but this
assignment is also not unambiguous. Anno et al. have suggested
the existence of BaAl,O, as an impurity phase;*” the reflection
at 28.4° may have contributions from the (202) plane of that
structure. However, given how the elemental Ba was stored and
handled, the introduction of such a large amount of oxygen
during the process is highly unlikely. We note that while the
identity of the impurity phase(s) is not clear, the very weak
intensity of the reflections is indicative of clathrate samples with
phase purity of over 95% wt.

After ball-milling the AM-1 sample, the XRD peak positions
remained the same, but the intensities were slightly altered
(weakened and broadened) to a certain degree, which indicates
a smaller particle size in AM-2 compared to AM-1. After acid
and base treatment, the small impurity peaks disappeared from
the XRD pattern of AM-3, confirming the removal of the
impurity phases. The XRD pattern of AM-4, which was ball-
milled for 40 min, had broader diffraction peaks due to the
decrease in the particle size. After further ball-milling to make
AM-S, the peaks were even broader and a small peak at 20 =
24° was observed, which corresponds to the (022) plane of the
Si clathrate. These results show that the acid/base etching and
ball-milling do not affect the crystallinity within the bulk of the
clathrate particles.

In the XRD pattern of the HP sample, only the crystalline
peaks from the clathrate were observed, with only small
amounts of cubic Si as impurity (Figure 3B), with the (111)
reflections observed at 26 = 28.4° (SI Figure S1B). The amount
of cubic Si in the HP sample was estimated to be less than 1 wt
% from the refinement of phase-fractions. The least-squares
refinement results (SI Table S1) showed there was not a large
difference in the lattice parameters of the clathrate samples, as
they were all around 10.59 A. Both experimental and
computational studies have shown that as the Al content in
BagAl Siys, clathrate increases, there is a linear increase in the
lattice constant, 4, due to the substitution of Si by Al in the
framework, with Aa/Ay = 0.02 A 12272833 Gince these
changes were not observed in our samples, we assume that they
are very close in composition. A previous report also showed
that shifts in the (2 3 11) reflection in the XRD pattern of
silicon clathrates were characteristic of differences in Al
content,** but this was not observed in our samples, as
shown in SI Figure S2A. The microprobe analysis results also
did not show large differences in the composition between the
samples (SI Table S2). Hence, we assume that the samples can
be described with composition BagAl Siys,, where y ~ 16.

SEM Characterization. Scanning electron microscopy
(SEM) imaging was employed to determine the particle sizes
of the clathrates. The SEM images of AM-1 showed particle
sizes of about 1—40 ym (Figure 4A). Some of the particles were
around 2 pm in size, but the majority of the sample consisted of
particles larger than 20 ym. After ball-milling for 40 min to
form AM-2, the particle size was reduced to less than 5 ym
(Figure 4B). When the ball-milling was followed by the acid
and base treatment to make AM-3, the morphology was more
uniform, with the size controlled under 2 um (Figure 4C).
Further ball-milling for 40 min did not cause a large change in
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Figure 4. SEM images of different prepared BagAl|(Siz, samples (A) AM-1; (B) AM-2; (C) AM-3; (D) AM-4; (E) AM-S;(F) HP.

the particle sizes (AM-4, Figure 4D), but when the ball-milling
time was increased to 120 min, the particle size decreased to
about 1 ym (AM-S, Figure 4E). The SEM images showed that
HP contained some particles with size of about 1—10 ym, but
the majority of the particles were smaller than S ym (Figure
4F). Because of the fewer impurities and smaller particle sizes,
no further processing was applied to the as-prepared HP
sample.

XPS Characterization. XPS studies were performed to
better understand the differences in the chemical surface states
of the clathrate samples. As shown in Figure 5, the Ba 4d* and
Ba 4d>* peaks were observed at binding energies of 93.0 and
90.3 eV, respectively, whereas the Si 2p peak corresponding to
the Si in the clathrate framework was found at 98.6 eV. Due to
the interaction of the Si with Ba and Al, the binding energy of

AM-1 Ba 4d,,

Normalized Intensity

110 105 100 95 80 85

Binding Energy (eV)

Figure S. High resolution XPS spectra of AM-1, AM-2, AM-3, AM-4,
AM-S, and HP clathrate samples. The green dashed line is at 98.6 eV
and the red dashed line is at 102.5 eV.

Si in the clathrate shifted to a lower energy level compared to
that observed in diamond cubic Si.*’ The signal attributed to
surface Si bound to oxygen was centered at approximately
102.5 eV, suggesting the presence of a native oxide in the as-
prepared AM-1 and HP samples. This is consistent with
previous studies identifying a native oxide on silicon clathrate
surfaces.’®*® Comparing the spectra for AM-1 and AM-2, the
percentage of the total Si signal associated with the Si—O
environment (76%) remained the same (SI Table S3),
indicating that ball-milling did not affect this oxide layer.
After the acid/base treatment, however, the Si—O peak
intensity became stronger, and made up 94% of the Si
spectrum, suggesting that the acid/base treatment oxidized the
AM-3 clathrate surface. Additional ball-milling after the acid/
base treatment resulted in an increase in the Si—Si peak
intensity in AM-4 and AM-S to 17% and 19% of the total signal
(SI Table S3), respectively, which could be due to the exposure
of fresh surfaces as the particles were ball-milled.

Raman Spectroscopy Characterization. To further
characterize the vibrational modes of the clathrates, Raman
spectroscopy was performed. Previous studies demonstrated
that the Raman spectrum of silicon clathrates is characterized
by (1) low-frequency vibration bands associated with the
rattling guest atoms, (2) a low frequency framework band, and
(3) a high frequency framework band that describes how
strongly the guest atoms are interacting with the framework.
The high frequency framework band is observed at between
430 and 461 cm™! in nonframework substituted clathrates,®*”*®
for example, at 438 cm™' in BagSiys." When Al-substitution is
used, the band redshifts due to the reduced mass when
replacing Al with Si. For example, this framework band was
observed at 517 and 508 c¢cm™ in Ba, Al;;Si,, and
Eug,,Ba; ,,Al 58y, respectively.”” The redshift was also
observed in the lowest frequency framework band, which is
between 100 cm™ to 200 cm™' in the nonframework
substituted clathrate,****° and between 200 cm™' to 400
cm™" for the Al substitution silicon clathrate.*

The highest-frequency framework mode in our AM-1 and
AM-2 samples was observed at 495 cm™" (Figure 6). This mode
red-shifted to 510.5 cm™' in AM-3 after etching, but shifted
back after further ball-milling, for example, for AM-S. The same
trend was also found in the lowest-frequency framework
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Figure 6. Raman spectra of AM-1, AM-2, AM-3, and AM-S. The

dashed line represents a Raman shift of 495 cm™.

vibrations around 300 cm™'. From the XPS analysis, the
amount of Si—O bonding increased after etching, so the
redshift observed in AM-3 is likely due to the formation of the
surface oxide layer.

TEM Characterization. To better understand the surface
structure of the different clathrate samples, transmission
electron microscopy (TEM) characterization was performed
(Figure 7). Selected-area electron diffraction (SAED) was also
performed to assess the crystallinity of the particles. The
samples were stable under the electron beam and no visible
changes to the microstructure of the samples were observed
during imaging. A thin amorphous layer less than 5 nm thick

was observed in AM-1 (Figure 7A), and the SAED pattern
showed distinct spots, indicating that the particles were
predominately crystalline. After ball-milling, the amorphous
surface layer became thicker in AM-2, in some cases more than
10 nm in thickness (Figure 7B). This shows that ball-milling
can cause the surface of the clathrate particles to become
amorphous. The TEM analysis of the sample after ball-milling
and acid/base treatment, AM-3, displayed a nonuniform
amorphous layer, which was in some cases only ~5 nm thick
(Figure 7C). This suggests that the acid/base treatment could
have partially etched away the amorphous layer. The XPS
analysis also indicated that acid/base treatment oxidized the
surface, so the surface layer is likely a mixture of the amorphous
material generated by ball-milling and the Si—O species
produced by the acid/base treatment. The TEM images of
AM-4 and AM-S showed that further ball-milling introduced
more amorphous regions. The AM-4 sample, which was ball-
milled for 40 min, displayed an amorphous layer about 10 nm
thick (Figure 7D), while the sample ball-milled for 120 min,
AM-S, showed an even thicker layer of 10—20 nm thick (Figure
7E). However, the crystalline lattice fringes and electron
diffraction ring pattern (Figure 7F) showed that the particle
interiors were still crystalline, consistent with the XRD results
(Figure 3).

Electrochemical Properties. The voltage curves obtained
from galvanostatic cycling of the different samples are shown in
Figure 8, while the capacity retention is shown in SI Figure S3.
AM-1 exhibited a first charge (lithiation) capacity of 85 mAh/g
and a first discharge (delithiation) capacity of 46 mAh/g, which
decreased in subsequent cycles (Figure 8A). The BagAl;(Siy,

Figure 7. High-magnification TEM images and selected-area electron diffraction patterns for (A) AM-1, (B) AM-2, (C) AM-3, (D) AM-4, (E)(F)

AM-S. The dashed line indicates the amorphous—crystalline interface.
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Figure 8. Voltage profile of first three cycles and thirtieth cycle for (A) AM-1, (B) AM-2, (C) AM-3, (D) AM-4, (E) AM-S, and (F) HP electrodes.
The galvanostatic measurements were performed from 0.01—2.5 V vs Li/Li* range using a current density of 25 mA/g.

clathrate is expected to be a decent electronic conductor
(semiconductor if fully charge compensated,”’ metallic-like if
not precisely at the Zintl composition'>'**°), but the carbon
black additive may not have been sufficient to ensure good
electronic conductivity through the AM-1 composite electrode
due to the large particle sizes.

As shown in Figure 8B, ball-milling AM-1 resulted in a large
increase in capacity, with 472 and 276 mAh/g observed in the
first charge and discharge cycle of AM-2. These capacities
correspond to ca. 20 Li* reversibly inserted per clathrate
formula unit in AM-2, compared to around 3 Li* for AM-1.
Also notable, was that whereas the shape of the charge/
discharge curves was rather linear in AM-1, in AM-2 a plateau
feature was observed <0.2 V vs Li/Li". This increase in capacity
after the sample was ball-milled can be explained by the
decrease in particle size, as seen in the SEM imaging (Figure
4B), but may also be due to additional capacity from the
electrochemical reaction of Li with the amorphous layers on the
particle surfaces.

To better understand this, the capacities of the other samples
were also studied. After the acid/base treatments were applied,
AM-3 showed a 126 mAh/g charge and 64 mAh/g discharge
capacity in the first cycle (Figure 8C), which is only 23—26% of
the capacities of AM-2. Since the TEM imaging indicated that
the amorphous layer was thinner after the acid/base treatment,
the lower capacities in AM-3 compared to AM-2 could be due
to removal of this layer of active material. Also, the layer rich in
Si—O on the surface of the clathrate may have also played an
inhibitory role on the reaction of Li with the clathrate. The
AM-4 and AM-S results further support these hypotheses, as
ball-milling of AM-3 resulted in higher capacities, and both
AM-4 and AM-5 had thicker amorphous layers and less surface
oxide. As shown in Figure 8D,E, the first charge/discharge
capacities were increased to 176 mAh/g and 98 mAh/g for AM-
4 (40 min ball-milling) and 403 mAh/g and 276 mAh/g for
AM-S (120 min ball-milling), corresponding to increases in
lithiation capacity by 40% and 220%, respectively, relative to
AM-3. AM-S displayed the largest number of Li reversibly
inserted from all the samples studied, about 25 Li* per formula
unit. From the SEM images (Figure 4D,E), the longer ball-
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milling times can help to improve the uniformity of the particle
morphology and decrease the particle size, but not dramatically.
The XPS (Figure S) and Raman spectroscopy (Figure 6) results
support the exposure of nonoxide covered surfaces in AM-4
and AM-S, while the TEM analysis showed more amorphous
layers were generated with the extended ball-milling time. From
these observations, it appears that these two features are the
main contributors to the higher specific capacities in these two
samples.

To further verify this, the performance of HP was evaluated.
Despite the particle sizes of HP being similar to those for AM-2
based on the SEM results, the first charge/discharge capacities
for HP were only 107 mAh/g and 53 mAh/g (Figure 8F),
much lower than what was observed in AM-2. Therefore, HP is
more similar in performance to AM-1, which was also not ball-
milled. This suggests that the smaller particle sizes are not the
main reason for the large capacity gain in the ball-milled
samples, but that the amorphous phases introduced by the ball-
milling process may play a major role in the electrochemical
reaction of the clathrate materials with Li*.

The long-term galvanostatic cycling results (SI Figure S3)
showed that the capacities of all of the samples decreased after
the first few cycles. The capacity of AM-1 stabilized at 37 mAh/
g after 20 cycles, while due to the smaller particle size, HP had a
higher capacity of 41 mAh/g (SI Figure S3A). AM-3 and AM-4
displayed capacities of 78 mAh/g and 95 mAh/g after 100
cycles, respectively (SI Figure S3B). The capacities for AM-3
and AM-4 also slightly increased in the later cycles, which
implies some sort of activation process. This could be related to
the removal of the silicon oxide surface during the electro-
chemical reaction, which would lead to more exposure of
clathrate surface. The similar cycling behavior of AM-3 and
AM-4 suggests that the 40 min of ball-milling was not sufficient
to expose all of the clathrate surface. The ball-milled samples
AM-2 and AM-5 showed the most capacity fade; a capacity of
79 mAh/g was observed from AM-2 after 100 cycles, and 136
mAh/g from AM-S after 100 cycles (SI Figure S3C). However,
the capacity retention in these materials was better than those
we observed in the nonstoichiometric clathrates in our previous
work®® at the same current density. XRD analysis of the
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electrodes after the first lithiation and after 100 cycles did not
show a decrease in peak intensity (SI Figure S2B), suggesting
that amorphization of the clathrate structure is not occurring as
a result of the electrochemical lithium insertion reaction.

To better understand the mechanism of lithiation into the

clathrate samples, the differential charge (dQ) plots (Figure 9)
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Figure 9. Differential charge (dQ) plots of AM-1, AM-3, AM-4, and
HP-1 for the (A) first cycle; (C) thirtieth cycle. dQ plots of AM-2 and
AMS-S for the (B) first cycle; (D) thirtieth cycle. * indicates the Li
reaction with carbon black.

were analyzed to obtain additional information regarding the
potential-dependent electrochemical reactions. The peak
centered at around 1 V in the dQ plots of AM-1 and HP
(Figure 9A) is likely due to reduction of the electrolyte to form
a solid electrolyte interphase (SEI) layer.”> These features
cannot be discerned in the following cycles, which is consistent
with the SEI formation predominately occurring during the first
cycle. This SEI formation peak was not as obvious in the ball-
milled samples (Figure 9B), which is consistent with the
amorphous surface layer in those samples creating a different
interface with the electrolyte, which might result in different
SEI formation properties. At lower potentials where the
reaction between the clathrate and Li is expected to occur,
different characteristics were observed in the different samples.
The linear voltage profiles (Figure 8) for AM-1, AM-3, and HP
along with the capacitor-like dQ plots (Figure 9A) suggest a
surface-dominated, capacitive adsorption mechanism™ in these
samples. However, peaks more characteristic of Faradaic
reactions were dominant in the dQ plots of AM-2, AM-4,
and AM-S (Figure 9B).

To better interpret the features in the dQ plots, an AM-3
electrode containing 10 wt % polyvinylidene difluoride (PVDF)
as binder but no carbon black additive was prepared to identify
the clathrate characteristics without interference from Li ion
adsorption on the carbon black. As shown in SI Figure S4A, a
broad reduction peak was observed at 0.4 V and a broad peak
was observed centered at 0.46—0.5 V during oxidation. To
identify the potential-dependent redox characteristics of the
carbon black, an Al,O; electrode with carbon black and PVDF
(80:10:10 by wt %) was prepared and cycled over the same
potential range. The dQ plot of the Al,O; electrode showed
capacitive double-layer charging behavior, with the only

pronounced peak found at 0.035 V during oxidation (SI Figure
S4B). As AL, O; is considered to be electrochemically inactive to
lithium,>* the observed electrochemical reaction in this
electrode is attributed to the reaction of Li with carbon black.
Therefore, we assign the peaks found at around 0.4—0.5 V in
Figure 9A,C to the clathrate, while the feature at 0.035 V in the
oxidation originates from the carbon black. This carbon black
feature is less noticeable in the dQ plots for AM-2, AM-3, and
AM-S (Figure 9B,D) due to the higher capacity contribution of
the reaction of Li with the clathrates. The potentials of these
broad peaks were similar to those observed in our previous
work on off-stoichiometric clathrates (nominal composition
BagAlSiy,)*® with reduction starting below ~0.3 V vs Li/Li",
and suggest a single-phase, solid solution lithiation mechanism.
For both groups of samples, these characteristics were
maintained even after 30 cycles (Figure 9C,D).

Similar to our previous observations,”® the voltage-dependent
redox characteristics in these clathrate samples were distinct
from those observed in diamond cubic Si, amorphous Si, and
SiO. The dQ_plot associated with cubic Si reacting with Li is
characterized by a sharp peak at 0.125 V vs Li/Li" associated
with a two-phase reaction to form amorphous lithium silicide,
and a peak near 50 mV which is attributed to the formation of
Li;sSi,.>>*® Lithiation of amorphous Si occurs as two single-
phase reactions, which manifest as broad peaks centered at 0.25
and 0.1 V vs Li/Li* in the dQ plots.”” SiO undergoes a
conversion reaction with Li to form lithium silicates and Li,O,
which results in a sharp peak at 0.25 V and a broad one at
around 0.1 V vs Li/Li* in the dQ plot.”®

During the delithiation process, broad peaks centered at 0.45
V vs Li/Li" were observed in all of the samples. Compared with
the off-stoichiometric clathrates, which exhibited a broad
discharge peak at 0.4 V vs Li/Li* in the dQ plots,* the
discharge voltage of clathrates studied here are higher, which is
likely due to the difference of the composition (i.e., Al/Si ratio).
Again, the dQ plots during discharge do not match those
observed in electrodes made of cubic Si, amorphous Sj, or SiO.
The cubic Si undergoes a two-phase delithiation reaction at
about 0.43 V,*° while Li is removed in two single-phase
reactions centered at 0.3 and 0.5 V vs Li/Li" in amorphous Si.%7
Delithiation of charged SiO shows similar characteristics as
those found in amorphous Si. The sharp peaks at 0.48 V
observed in AM-1 and AM-2 are attributed to impurities, since
these samples had not been treated with the acid and base.
Because these samples contained residual cubic Si, these redox
peaks may originate from the two-phase delithiation of c-Li;Si,
formed by from the reaction of Li with this residual Si during
charging.56

To better understand the mechanism of lithiation and
delithation into the clathrate particles, electrochemical
impedance spectroscopy (EIS) measurements were performed
for pristine AM-2, AM-3, and AM-$ electrodes and at different
states of charge (SOC) during lithiation and depths of
discharge (DOD) during delithiation (SI). The potential vs
time profiles for the measurements are shown in SI Figure SS,
while the Nyquist plots are shown in Figure 10 for small
impedance values and in SI Figure S6 for larger values. At the
highest frequency (100 kHz), the impedance (<30 Q) is
dominated by the series resistance arising from the external cell
connections and ionic conductivity of the electrolyte,”” which
can be determined in the Nyquist plot by the intercept of the
curve with the real axis. For all three samples, the impedance
response of the pristine electrodes was characterized by a
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depressed semicircle at high frequencies and nearly vertical tail
at low frequencies, indicating a capacitor-like response and
blocking character of the electrode prior to lithiation. These
features have also been observed in fresh graphite anodes prior
to formation of the SEI layer, with the high frequency
semicircle attributed to the porosity of the electrode, and the
low frequency behavior due to the adsorption of ions at the
electrode/electrolyte interface.”"'

Upon charging AM-2, two depressed arcs were observed, one
with maximum impedance at 90 Hz and the other at 1 Hz
(AM-2-L1 in Figure 10A). The higher frequency arc centered at
90 Hz did not change as the potential decreased in the
subsequent charging steps and is hence attributed to a contact
impedance,”” " for instance between the electrode particles
with each other or the current collector. The medium
frequency arc with maximum impedance at 1 Hz is attributed
to the charge transfer impedance associated with the Li reaction
with the clathrate since the diameter of this arc decreased as
lithiation proceeded. With further lithiation, the impedance of
the low frequency tail also decreased. However, the phase angle
at low frequencies remained lower than —45°, indicating that
the low frequency process is not one described by Warburg-
type, solid-state Li* diffusion. This is more readily observed in
the Bode plot (Figure 11A), where the phase angle at low
frequencies is close to —90°, similar to the features found in
double layer capacitors and pseudocapacitors® ™" where
surface-based adsorption and Faradaic processes predominate.

The peak in the Bode plot observed at around 100—1000 Hz is
attributed to the aforementioned contact impedance, while the
small peak observed at around 10 Hz in AM-2 after the first
lithiation step (AM-2-L1) is attributed to the charge transfer
impedance. The Nyquist plots obtained after lithiation could be
fitted (SI Table S4) to an equivalent circuit that uses a resistor
to represent the series resistance, a resistor and constant phase
element (CPE) in parallel to represent the impedance of the
first semicircle, a resistor and CPE to represent the impedance
of the second semicircle, and another CPE to take into account
the blocking character of the low frequency tail (SI Figure
S7A).

The EIS results for sample AM-3 during lithiation showed
similar features as for AM-2, but the charge transfer resistance
was much higher, consistent with the presence of the oxide-rich
surface layer. This is seen by the larger semicircle in the Nyquist
plot for AM-3 after the first lithiation step (AM-3-L1 in Figure
10C) and peak around 10 Hz in the Bode plot (Figure 11C).
Similar to sample AM-2, the charge transfer impedance
decreased as more lithium was inserted, which is attributed to
the reduction of the surface oxide layer during charging (SI
Table S4). On the other hand, in contrast to AM-2 and AM-3,
the EIS results for AM-5 did not show much variation as a
function of lithium content. The Nyquist plots for AM-S
(Figure 10D) showed a depressed semicircle with maximum
impedance observed at 181 Hz and long tail below ~1 Hz, and
there was no emergence of a distinct medium frequency arc as
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lithiation proceeded. The Bode plot (Figure 11E) also showed
that the phase angle at low frequencies remained less than —60°
during lithiation. These results imply a pseudocapacitive-like,
surface dominated Faradaic process for AM-S, which is
consistent with the features in the dQ plots. This is notably
different from conventional silicon anodes, which display clear
Warburg diffusion behavior indicative of solid-state Li* diffusion
through the bulk, as seen by a tail at 45° from the real
impedance axis in the Nyquist plots or phase angle close to
—45° at low frequencies in the Bode plots.””%%

Upon delithiation, the high and medium frequency arcs in
the Nyquist plots for all three samples merged into one
depressed semicircle and the impedance of the low frequency
tail greatly increased. The change in low frequency impedance
during lithiation and delithiation is more readily seen in the
plots in SI Figure S6. The increase in impedance during
delithiation has also been observed in conventional anodes®”°
and can arise from a number of sources, such as a change in
phase or morphology that affects the diffusion through the
electrode or SEI layer. The Bode plot of the discharged
electrodes shows that the phase angles at low frequencies shift
closer to —45°, suggesting that the process becomes Warburg-

41254

like during delithiation. However, it is possible that this feature
arises from the solid-state diffusion of Li through the SEI layer.
The EIS data for AM-2 and AM-3 during delithiation, and AM-
S during both lithiation and delithiation, could be fit to the
equivalent circuit shown in SI Figure S7B, with one fewer
resistor and constant phase element in parallel compared to the
circuit used to model the electrodes during lithiation. The
contact impedance is not observed as a distinct arc in the AM-S
electrodes during lithiation likely due to the smaller particle
sizes, which may improve the electronic contacts between the
particles.

Overall, these studies point to an interesting conclusion,
namely that while the silicon clathrate structure close to the
Zintl condition can be lithiated, the surface properties play a
crucial role in the observed capacities. We find here that the
extended ball-milling enables about 25 Li* per formula unit (for
AM-S) that can be reversibly cycled. However, this is much
lower than the 40—50 Li" per formula unit we observed in the
off-stoichiometric clathrates (nominal composition BagAlgSis,)
studied in our previous work,*® which were not subjected to
this extended ball-milling. This suggests that Li insertion at
defects or framework vacancies that may be present in off-
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stoichiometric clathrates may lead to increased capacities.
There has been experimental evidence showing that Li can
occupy framework vacancies in the germanium clathrates
KgLisGeys (0 < 8 < 2.3)”° and Na4Csgli,Geze, (¢ &
2.8),”" but the confirmation of a similar phenomenon in silicon
clathrates is still needed. In the absence of defects, the lithiation
capacity of the clathrates close to the Zintl condition is low, but
can be increased by more than S times when an amorphous
layer is generated by ball-milling. After acid and base treatment,
the capacity was decreased likely due to the removal of some of
the amorphous layer and introduction of a surface oxide which
greatly increased the charge transfer resistance. Ball-milling of
the particles again after the acid and base treatment can
decrease the particle size, remove the surface oxide, and
generate a thicker amorphous layer, all of which result in an
increase in the capacity. Regardless of the surface properties,
the lithiation mechanism appears to be dominated by
pseudocapacitive-like surface process, which is supported by
the EIS and dQ analysis.

B CONCLUSIONS

In conclusion, we performed a systematic investigation of the
effect of processing steps on the structural and electrochemical
properties of silicon clathrates. The results show that for the
silicon clathrate at the Zintl condition, Li insertion into the
structure is unfavorable unless amorphous surface layers are
introduced using ball-milling. TEM analysis showed that ball-
milling generated an amorphous layer on the clathrate surface,
which is crucial for the electrochemical reaction with Li. The
ball-milling process increased the capacity of the clathrate from
85 mAh/g to 472 mAh/g. The XPS and Raman spectroscopy
results suggested that a new oxide layer was introduced by the
acid/base treatment, which inhibited the lithiation due to a high
charge transfer impedance and led to a decreased capacity of
126 mAh/g. Further ball-milling can expose the clathrate
surface again and decrease the particle size, resulting in
capacities of 176 mAh/g and 403 mAh/g in the samples ball-
milled for 40 and 120 min, respectively. According to the XRD
analysis, all the lithiation/delithiation processes are proposed to
occur in single phase reactions as there is no discernible
structure change. The EIS and dQ_analysis support a surface-
dominated Faradaic process for lithiation, which is different
from the Warburg diffusion mechanism in conventional silicon
anodes. This work elucidates some of the important structural
and compositional parameters that should be considered when
designing silicon clathrate electrodes for energy storage
applications.
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