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Abstract: Lithium ion batteries (LIBs) containing silicon negative electrodes have been the subject of much
recent investigation, because of the extremely large gravimetric and volumetric capacities of silicon. The
crystalline-to-amorphous phase transition that occurs on electrochemical Li insertion into crystalline Si,
during the first discharge, hinders attempts to link the structure in these systems with electrochemical
performance. We apply a combination of local structure probes, ex situ “Li nuclear magnetic resonance
(NMR) studies, and pair distribution function (PDF) analysis of X-ray data to investigate the changes in
short-range order that occur during the initial charge and discharge cycles. The distinct electrochemical
profiles observed subsequent to the first discharge have been shown to be associated with the formation
of distinct amorphous lithiated silicide structures. For example, the first process seen on the second discharge
is associated with the lithiation of the amorphous Si, forming small clusters. These clusters are broken in
the second process to form isolated silicon anions. The (de)lithiation model helps explain the hysteresis

and the steps in the electrochemical profile observed during the lithiation and delithiation of silicon.

1. Introduction

Rechargeable lithium ion batteries (LIBs) are currently the
preferred energy storage devices in portable electronic devices,
with the highest gravimetric and volumetric energy densities
of al commercialy available battery technologies® Their
potential usein hybrid and plug-in hybrid electric vehicles and
all-electric vehicles (HEVs, PHEVS, and EV's) makes advances
in this field more significant, because of both economic and
environmental implications. Until the recent commercialization
of Sony’s NEXELION cells, the universaly used negative
electrode material in a LIB was carbon, because of its good
capacity (372 mA h g™! for graphite) and rate capability.
However, thereis still considerable interest in the development
of high energy anodes. Silicon anodes are particularly attractive
alternatives to carbon because of their extremely high gravi-
metric energy densities (3572 mA h g1). Compared to graphite,
silicon aso has a massive volumetric capacity of 8322 mA h
cm 3 (calculated based on the original volume of silicon), which
is again approximately 10 timesthat of graphite. Unlike carbon,
thelithiation and delithiation mechanisms of Si are still unclear,
because of the crystalline-to-amorphous phase transition that
takes place during the first discharge of crystalline silicon,>®
the inability of conventional characterization methods such as

diffraction hindering research efforts to study the structures of
these largely amorphous systems.

The approximate composition of the lithiated amorphous
silicon phase has been extracted from in situ X-ray diffraction
studies, and '°Sn Mossbauer studies of Sn-doped silicon have
been used to probe the local structure around Sn and thus
indirectly provide insight into the silicon local structures.>4~®
In our previous in and ex situ nuclear magnetic resonance
(NMR) study, we acquired spectra from both the crystalline
lithium phases within the lithium—silicon phase diagram and
from the amorphous lithiated phases.”

We demonstrated that the “Li NMR shifts found for the
CrySta“lne“thlUm S||Cldepha$5(|_|1287, Li7Si3, Li139'4, Li15§4,
and LiSis) are correlated with specific local environments,
lithium ions nearby silicide clusters, and isolated silicon anions
giving rise to lithium resonances in distinct chemical shift
ranges. Li;»Si7 (containing SiSi; stars and Sis rings, Figure 1b)
and Li;Siz (Si—Si dumbbells/dimers, Figure 1c) giveriseto “Li
NMR resonances at approximately 18 ppm, while Li nearby
theisolated Si ions found in Li;sSi4 givesrise to signals at 6 to
—10 ppm, the exact vaue depending on the state of lithiation
of this phase (Figure 2).” The Li signal of Li13Si4, which contains
both Si dumbbells and isolated ions, is a 12 ppm, an
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Figure 1. Loca structures found in (a) crystalline silicon, (b) Liy»Si; (rings and SiSi; “stars’), and (c) Li;Siz (dimers). The closest Si—Si contacts are

marked with arrows in a. Blue and red balls represent Si and Li, respectively.
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Figure 2. Ex situ 'Li NMR of battery samples stopped during the 1st
discharge of crystalline silicon. (Figure adapted from that shown in ref 7,
with copyright permission from the American Chemical Society.) Two
samples were prepared at 0 mV, the one entitted “O mV washed”
corresponding to a sample extracted very rapidly from a cell and washed,
so asto limit the side reactions that are prevaent in this system, particularly
for the fully lithiated phases.

intermediate between the two extremes. These shifts were then
used to assign the lithium NMR resonances seen both in situ
and from samples extracted from a battery at different states of
charge (i.e., ex situ). Thisinformation was used to gain insight
into the lithiation mechanism of crystalline silicon during the
first discharge.” Our prior work also demonstrated that side
reactions involving the lithiated silicides were significant,
particularly for the fully lithiated phase Liis+sSi4. These side
reactions were identified in our in situ NMR experiments on a
working Li—Si cell; we demonstrated that the fully lithiated
phases could only be captured in the ex situ experiments if the
cells were disassembled very rapidly and the samples washed
to remove electrolyte. The binder, CMC (carboxymethylcellu-
lose), was shown to slow down this decomposition reaction
significantly.

In the current work we use a combination of ex situ ‘Li magic
angle spinning (MAS) NMR spectroscopy and X-ray pair
distribution function (PDF) analyses to study the first and second
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cycles and identify local structures that are correlated with
specific electrochemical signatures. Joint MAS NMR and X-ray
and neutron PDF analyses have recently been successfully used
to investigate short-range order in lithium ion battery electrode
materials.” ** The combination of the two techniques should
allow for an in-depth analysis of lithiation and delithiation
mechanisms. Although X-rays are less sensitive to light ele-
ments, because of the Z dependence of X-ray scattering lengths,
the X-ray PDF method will be sensitive to correlationsinvolving
silicon. By using a second local structure probe, PDF, we aim
to extract further details concerning the silicon environments
to support our lithium NMR results, which provide information
concerning the local structures centered around lithium. We then
combine this information to construct a model of lithiation and
delithiation of silicon in the first and subsequent discharge—
charge cycles.

2. Experimental Section

i. Electrochemistry. A series of samples were prepared for ex
situ analysis by using 2032 type coin cells and by following a
standard assembly procedure: The positive electrode was crystalline
silicon powder (325 mesh, Aldrich), mixed with super P carbon in
1:1 weight ratio, and the negative electrode was lithium metal (0.38
mm thickness). 1 M LiPFgin al1:1 volumetric mixture of anhydrous
ethylene carbonate (EC) and anhydrous dimethyl carbonate (DMC)
was used as the electrolyte (Merck, Selectipur). A porous boro-
silicate glass fiber soaked with the electrolyte was used as the
separator. The cells were assembled in an argon glovebox and
cycled galvanostatically either between 3.0 and 0.0 V or between
3.0 and 85 mV potential limits at a C/100 current rate with an Arbin
Instrument galvanostat/potentiostat at room temperature. After
eectrochemical cycling, the cells were disassembled in the glovebox
where the active materials were extracted, dried, and packed into
1.8 mm diameter zirconia rotors for MAS NMR analysis and into
1 mm diameter polyimide capillaries sealed with epoxy resin for
X-ray scattering experiments at the synchrotron. The NMR spectra
of the samples were run a few days after extraction. One 0 mV
sample, caled “0 mV washed”, was extracted quickly from a cell
and washed with DMC to investigate the lithium environments prior
to any significant degradation of the lithium silicides, because of
reactions with the electrolyte (a self-charge reaction). The second
0 mV “non-washed” sample was treated in the same manner as all
the other higher voltage samples, afew hours passing between the
end of discharge and the extraction of the sample from the battery.
The PDF experiments were conducted days to weeks after the
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Figure 3. (@) The electrochemical profiles for the first discharge, first charge, and second discharge of crystalline silicon (voltage cutoffs between 3 and 0
V and with a C/100 current rate; approximate lithium silicide compositions of thermodynamic crystalline phases are marked with arrows). (b) The electrochemical
charge profile following partial discharge to 85 mV. The last data point is collected at 3.0 V for b, but the y-axisislimited to 1 V so asto see the two distinct
processes more clearly. The red points indicate the samples collected for ex situ PDF and NMR studies.

samples were extracted, so it is possible that some side reactions
may have occurred.

ii. Diffraction and PDF. Total scattering patterns (Bragg
diffraction patterns and diffuse scattering data) were acquired with
two-dimensiona (2D) detectors (GE a-Si and Perkin-Elmer a-Si
2D image plates) at the Advanced Photon Source in Argonne
National Lab, IL (60 and 90 keV beam energies). 2D images were
converted into 1D Q-space versusintensity plots by using the FIT2D
program with a CeO, calibration standard, and PDF patterns (G(r))
were obtained with the PDFGetX 2*2 software. The data range used
was up to 23 A~* Q. The PDFGui software** was used to fit the
data. No attempt was made to subtract the PDF signal from the
carbon.

iii. NMR. "Li MAS NMR spectra were acquired at 77.63 MHz
using a CMX-200 MHz spectrometer, with a 1.8 mm MAS probe
at a 38 kHz spinning speed. All of the "Li spectra were referenced
toalM LiCl solution at O ppm. Rotor-synchronized spin—echoes
(90° — v — 180° — 7 — acq) were used to acquire the spectra,
where the values of © were chosen, such that they were equal to
the rotor period (i.e., T = Uspinning frequency). A recycle delay
of 0.2 swas used to collect atotal of 32 000 scans for each sample.
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37, 678.
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3. Results and Discussion

Electrochemistry. An electrochemical profile that is typical
of those from samples extracted from a series of different
batteriesis presented in Figure 3. Thefirst (irreversible) process
that occurs at approximately 0.8 V is primarily due to the
reaction with the carbon in the Si/C composite and surface
electrolyte interphase (SEI) formation. The lithiation of pristine
crystalline silicon is accompanied by a long flat (slighting
decaying) voltage region at approximately 125 mV. A nonsto-
ichiometric Lijs4+5Si4 metastable phase has been shown to
crystallize at the end of thefirst discharge, that is, on discharging
to below 50 mV.>"*® The subsequent charge (Figure 3a) is
associated with a single, long plateau-like region at ap-
proximately 375 mV.? Galvanostatic intermittent titration
technique, GITT, experiments (see Figure S2, Supporting
Information (SI)) demonstrate that the processes on both
discharge and charge are not true plateaus but are rather
associated with gradual, sloping potentials. Two distinct pro-
cesses are seen in the second discharge profile of silicon (Figure
3a), at approximately 250 and 100 mV, consistent with previous
results® and GITT data (Figure S2, SI). The origin of these two
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processes is till not understood. Previous *°Sn Mossbauer
spectroscopy of Sn-doped amorphous Si electrodes also shows
steps in the voltage composition curve and may provide indirect
insight into the Si processes:® at a composition of Li,3Si (at
the end of the first process) the environment of the Sn becomes
more symmetric, suggesting that each Sn (and thus possibly Si)
atom is surrounded by only Li ions; that is, no clustersor Si—Sn
directly bonded contacts remain.

Full lithiation during the second and any subsequent dis-
charges to 0 V (Figure 3a) results in the crystallization of the
nonstoichiometric Liis5Si4 metastable phase and a charge
profile that is similar to that seen on the first charge. A charge
profile following apartia discharge to 85 mV (Figure 3b) results
in two processes centered at 300 and 450 mV in the electro-
chemical profile, which can also be resolved in the GITT
measurements (see Figure S3, Sl) and whose origin again
remains unclear. To throw some light onto these issues, two
series of samples were investigated with NMR and PDF: the
first to investigate the structural changes that occur following
full discharge, and the second to explore the effect of partial
discharge to 85 mV.

PDF and NMR Studies. First Discharge: PDF. The PDF
studies of the crystalline lithium silicide phases clearly show
distinct S—Si and Li—S atom—atom correlations and, thus,
interatomic distances (see Sl). Since the PDF data of these
samples suggested that either some decomposition of the
samples had occurred or (and) some phases contained significant
concentrations of impurities and the quality of the data was poor
for the highly lithiated phases, because of the low scattering
power of Li, no detailed analysis of this data is included here.
However, the data do show that the shortest Si—Si bond distance
is seen for Li;Si3, the phase that contains Si—Si dimers with
multiple bond character (2.38 A for Li;»Si7, 2.35 A for Li;Sis).
A more detailed direct analysisof Si—Si and Li—Si correlations
was, however, attempted for the first discharge of crystalline
silicon (Figure 4), and a more detailed discussion of the PDF
of the model compounds is provided in the S| for comparison
(Figure S1). While only the correlations to 9 A are plotted in
Figure 4, for the crystaline Si starting material, a series of
correlations are observed that extend out to more than 40 A.
The first, second, and third peaks, at 2.35, 3.8, and 4.5 A,
correspond to the Si—Si bonds, the Si—Si contacts within the
silicon tetrahedra (Si tet), and the Si—S contacts between
tetrahedra of the silicon diamond structure (Figure 1), respec-
tively. As the discharge proceeds, the intensity of al Si—Si
peaks decreases, but the correlations between more distant Si
atoms decrease much faster than the correlations from directly
bound Si and Si in the second coordination shell.

On discharging to 50 mV, al of the correlations at 4.5 A
have essentially disappeared, while the peaks at approximately
2.35 (Si—Si) and 3.8 A (Si tet) still remain. The total loss of
long-range order indicates that almost complete amorphization
of crystaline silicon lattice occurs beyond 85 mV. The presence
of the first two correlations, but the absence of the 4.5 A peak,
suggests that while some silicon tetrahedra or other smaller
clusters remain, the long-range correlations between tetrahedra
are destroyed. The 2.35 A (Si—Si) correlation has shifted to
2.27 A, indicating significant Si—Si multiple bond character and
thus that alarge contribution to this correlation now most likely
originates from Si—Si dimers.

The appearance of a broad peak at 4.75 A in both the
“washed” and the “non-washed” 0 mV samples is due to the
closest nonbonded Si—Si correlations, while the weak peak at
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Figure 4. (a) Ex situ PDF of battery samples collected during the first
discharge. The dashed lines correspond to the first, second, and third
coordination shell Si—Si distances in a Si diamond matrix. Two 0 mV
samples areincluded, the data shown in blue (top) representing the unwashed
sample, while the data shown in teal (bottom) represents the washed sample.
Approximate lithium silicide compositions are marked with arrows. (b) PDF
data and fit (R, = 43%) of the washed 0 mV sample. The dashed lines at
2.85and 4.75 A, connecting aand b, show characteristic Li;sSi, correlations.

2.85 A is ascribed to Li—Si correlations, both being consistent
with the formation of a Liis+sSis-like phase at the end of the
first long plateau-like region. Both samples produced similar
PDF patterns indicating similar local structures. Clearly the
relaxation process seen by NMR, due to the side reactions with
the electrolyte, does not significantly affect the silicon correla-
tions. Since differences between the relaxed and the nonrelaxed
samples likely arise from disorder in the lithium sublattice, a
future neutron PDF study may provide more insight into the
structure of the lithium sublattice and any disorder. We note
that both samples contain weak correlations that are close to
those seen in crystalline Si. However, on the basis of the %S
NMR spectra of these samples reported in our previous study,’
the concentration of residua Si is small.

The integrated areas under the 2.35, 3.8, and 4.5 A peaks
are plotted in Figure 5. Although the closest two Si—Si contacts
still remain a the end of the discharge, the 3.8 A Si—Si
correlation, which corresponds to the edge of a Si tetrahedron
(Figure 1a), is amost completely lost. These pesks are the
weakest in the battery discharged to 50 mV, which may reflect
more complete reaction of the Si in this particular battery, due
to abetter cell construction. In contrast, the batteries discharged
to 0V contain unreacted Si, in part due to poor cell construction.
In addition, some decomposition of the Li;sSi4 phase formed at
this state of discharge, before the battery could be disassembled,
or in the polyimide tubes used in the PDF experiments likely
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Figure 5. Integrated area under the peaks from the first and second Si—Si
coordination shells, obtained from PDF of battery samples stopped during
the first discharge at different indicated potentials. (For the two samples
stopped at 0 mV (discharge capacity >3500 mA h g3), the points on the
left and right correspond to the unwashed and washed electrode, respec-
tively.) The green dashed line indicates the intensity |oss predicted for both
the 2.35 and 3.8 A peaks, assuming a two-phase reaction from crystalline
silicon to the Liis+Sis phase, while the magenta and red dashed lines
correspond to the intensity loss predicted for the same two correlations,
respectively, for a two-phase reaction to form the Li;Si; phase.

occurs, these side reactions may possibly reform some Si—Si
species, a phenomenon that was noted in our earlier NMR
work.” A fit to the PDF data of the 0 mV sample (washed),
performed using the crystalline structure of Li;sSiy, is acceptable
(Figure 4b) for distances greater than 3.8 A; it is clear, however,
that the crystalline structure does not capture all of the local
distortions in this phase, and the material appears to contain
considerable disorder. To provide an acceptable fit at short
distances, silicon has been introduced as a second phase, but
with a very large damping factor of 5.32 A. The factor, which
is adso caled nanoparticle amplitude correction parameter,
dampens the calculated PDF appropriately according to the
refined average nanoparticle diameter. This factor indicates that
there are silicon-like clusters, which are on average no greater
than 52 A in size There is aso a minor crystaline Si
component, which can be seen in the difference plots at longer
distances (e.g., the pesk at 6.5 A).

To provide further insight into the mechanism by which
silicon reacts with lithium, the theoretical lossin the intensities
of the first three PDF correlations, if Si were to react via the
two reactions,

7Li + 3Si — Li;Siz (Liy5S) (i)

(i.e., to form the phase containing [Si = Si]*®~ dumbbells, as
in Figure 1c) and

15Li + 4Si — LiySi, (ii)

(green dashes) is plotted. The first reaction should, in principle,
be complete at atheoretical capacity of 2340 mA h g2, at which
point Si—Si 2.35 A correlations (magenta dashes) should still
be present with approximately one quarter of the intensity of
the same correlation in pristine Si. No 3.8 A Si—Si correlations
(red dashes) should remain. Alternatively, the direct, two-phase

reaction of Si to form LiysSiy should lead to a monotonic,
simultaneous decrease of all of the Si—Si correlations along
the path of the green dashed line. Except perhaps in the initial
stage between 110 and 105 mV, where no clear difference
(within the signal-to-noise ratio) is observed in the rate of change
in the intensity of the first three correlations, both proposed
reaction mechanisms do not describe the experimental change
in intensity of the Si correlations, on discharge. The PDF data
of the 100 and 85 mV samples (i.e., prior to approximately 2500
mA h g?) indicate that Si lithiation proceeds via the formation
of clusters rather than the formation of isolated Si ions only,
since the longer-range, nonbonded correlations drop more
rapidly than expected for reaction i. The decrease in intensity
of the correlations is similar, or even larger, than predicted by
a model wherein Si reacts directly to form Li;Si3 (reaction ii)
until after 95 mV. Thereafter, the absolute numbers of both 2.35
and 3.8 A correlations are larger than predicted by the “Li-Sis”
model. The behavior after 95 mV suggests that either (a) side
reactions occur, so that the reaction proceeds more slowly than
indicated by the current measured via the electrochemical
measurements, and/or (b) clusters that are larger than a simple
dumbbell are also present. Larger clusters are likely to be
responsible for weaker correlations at 3.8 and 4.2 A. For
example, the Si—Si distances in the four-membered Si(Si);
“stars’ in the crystalline material Liq,Si; (Figure 1b) contain
Si—Si nonbonded distances of 4.05—4.19 A and thus may
contribute to the intensity of the 4.2 A correlations. Assuming
that the side reactions are not significant, at least above 50 mV,
then if our cluster hypothesis, b, holds true, at 85 mV (i.e., at
approximately the Li-Siz stoichiometry) these clusters must also
be accompanied by silicon environments that are richer in Li
(i.e., environments that contain more Li in their local coordina
tion shell, as found for isolated Si ions) than present in the
thermodynamic phase for this composition (Li;Si3). Since the
Li rich regions or clusters are in amore reduced state, this either
implies a degree of compositional inhomogeneity across the
electrode or that the activation energy associated with Si—Si
bond-breaking is not sufficiently large to alow the system to
reach local equilibrium, so that nonequillibrium structures
(clusters) can persist, even in close proximity to each other.
Most likely, both are true for this system.

Comparison with NMR Results. The PDF results are now
compared with the previous NMR results on the same samples:
Two “Li NMR resonances were seen for the 105 mV sample at
18 and 6 ppm, suggesting the presence of Li nearby Si—Si
clusters (18 ppm) and Li nearby isolated silicon clusters (6 ppm).
Both of these resonances gain in intensity until 95 mV. If the
system followed the thermodynamic pathway, that is, phases
with small clusters were formed first, then no resonance at 6
ppm would be expected during this stage of the reaction. The
PDF data of the 105 mV sampleisin agreement with the NMR
data at this point and suggests the formation of both clusters
and isolated Si ions, since the first three correlations appear to
decrease in intensity together. The subsequent PDF data of the
100 and 95 mV samples do, however, appear to suggest that Si
lithiation is largely proceeding via the formation of clusters,
since the longer-range correlations drop more rapidly than the
shorter-range correlations. This is consistent with the change
in Li NMR intensities seen between the 100, 95, and 85 mV
spectra, where the Li cluster resonance is seen to grow more
rapidly than the resonance due to isolated Si. Note also that the
NMR spectra, since they detect Li ions, will provide differently
weighted information than the PDF data: An isolated silicon
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Figure 6. Ex situ 'Li MAS NMR of battery samples stopped during the
first charge. Dashed lines indicate resonances with known lithium assignments.

anion will be surrounded by approximately 4 Li ions (3.75 in
the LiisSi4 phase), while a silicon ion in the Liy,Si7 or Li;Sis
phase will be nearby only 1.75—2.33 Li ions; more extended
Si clusters will be nearby even fewer Li ions. Thus, the NMR
data will overestimate the number of isolated Si anions. The
dight shift and narrowing of the "Li “cluster” resonance between
100 and 95 mV, which coincides with a change in the rate of
decrease in the intensities of the 2.35 and 3.8 A correlations,
suggests that different (likely smaller) clusters may be forming,
and possibly that the Li mobility may be increasing (thereby
resulting in narrower resonances). The significant concentration
of Li nearby clusters in the 85—50 mV samples, as seen by
NMR, is consistent with the PDF G(r), where Si—Si bonds are
till observed. The shift of the cluster resonance in this regime
indicates that the Si—S clusters are lithiated and broken,
resulting in Li environments nearby both Si clusters and isolated
ions (as found in the model compound LizSis) a 50 mV
(resonance at approximately 13 ppm) and then predominantly
nearby isolated Si clusters at 0 mV (6 ppm resonance). At the
end of the first discharge, the "Li NMR spectra indicate that
the sample is predominantly composed of Li nearby isolated
silicon ions, again consistent with the PDF data. The weak
higher frequency shoulder observed in the 0 mV sample
indicates that residual Si—Si clusters are still present in the fully
lithiated phase, consistent with the PDF results, where both Si
clusters and residual crystalline Si were seen.

First Charge. The NMR spectra of samples collected along
the pseudo plateau show aclear trend, alossin the intensity of
the NMR peaks seen as the charging proceeds (Figure 6). Up
to astate of charge of 440 mV, which corresponds to the middle
point on the charge, both the major resonance at 5.3 ppm due
to Li in isolated Si clusters” and the minor resonance at 16.5
ppm due to Li in Si—Si clusters’ lose intensity. Importantly,
the spectrum of the sample from a battery stopped at 458 mV
does not contain a resonance in the region between 16 and 18
ppm, where we expect the signal due to Li nearby small Si
clusters (dumbbells or stars/rings) to appear, while the resonance
at 5.3 ppm is still present. Thus, there is little evidence for the
formation of intermediate phases or domains containing silicon
clusters. Beyond this point to the top of the charge a 3.0 V,
the resonance gradudly shiftsto 3—2 ppm. The 2 ppm resonance
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Figure 7. Short to mid-range ex situ PDF of crystaline silicon, fully
discharged, charged to 440 and 458 mV, and fully charged battery samples
extracted from the first cycle of a crystalline silicon electrode. The dashed
lines indicate the first, second, and third coordination shells of Si ina Si
diamond matrix. The arrow indicates the correlation at 2.5 A.

is tentatively ascribed to either some residua Li trapped in a
lithiated silicide, in a“dead”, that is, nonelectrically connected
particle, or possibly some Li,O due to the passivating layer of
oxide on the surface of the starting material (the “Li chemical
shift of Li,O is 2.7 ppm*®). An alternative explanation is that
thisresonanceisdueto Li particles nearby large silicon domains.
More experiments are required to test this latter hypothesis.
The PDF data (Figure 7) are largely consistent with the NMR
data: The 4.75 A correlation due to long-range Si—Si ordering
of isolated Si anions disappears by 440 mV (approximately the
midpoint of the plateau-like region), the intensity of the first
two Si correlations growing steadily with state of charge. The
ratio of the intensities of these two correlations remains
approximately constant with state of charge, this observation
implying that no intermediates are seen: a higher intensity ratio
for the 2.35:3.8 A correlation, is characteristic of acluster phase.
A shoulder on the Si—Si peak is seen at 2.5 A (marked with
arrow for the sample collected at 458 mV). Interestingly, the
crystalline LiSi phase, which contains a 3D three-coordinated
Si network (analogous to black phosphorus) also contains longer
Si—Si distances of 2.4—2.5 A, suggesting that this correlation
may be seen for similar Si local arrangements.” It is also
possible that it is due to short Li—Si distances (see below).
The delithiated phase is amorphous and has only very weak
peaks beyond 4 A. The dominant pesks at 2.35 and 3.8 A
correspond to distances in a silicon tetrahedron. None of the
smaller weaker peaks above 3.8 A correspond to those found
in crystaline Si, and the complete absence of the 4.5 A peak
indicates that the ordering between the Si tetrahedra that is
present in crystalline silicon is completely absent. No nanoc-
rystalline Si domains, which would be difficult to detect by
diffraction, are formed. The difference in the 2.35:3.8 A intensity

(16) Krawietz, T. R.; Murray, D. K.; Haw, J. F. J. Phys. Chem. A 1998,
102, 8779.

(17) Stearns, L. A.; Gryko, J.; Diefenbacher, J.; Ramachandran, G. K.;
McMillan, P. F. J. Solid State Chem. 2003, 173, 251.
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Figure 8. Ex situ’Li MAS NMR spectra of battery samples stopped during
the second discharge. Dashed lines indicate resonances with known lithium
assignments.

ratio between crystalline silicon and delithiated amorphous
silicon indicates that the tetrahedra themselves are more
distorted, and that some three-coordinate Si could also be
present. The weaker pesks such as the one at 4.2 A may
correspond to Si—Si second coordination distances in three-
coordinate Si units or in larger Si—Si rings, an increase in the
Si—Si—Si bond angle leading to longer correlations.

Second Discharge. Thelithiation of the amorphous Si, formed
after the first charge, is now monitored by using both NMR
and PDF, to investigate the structural origins of the two distinct
voltage regionsin the second discharge profile of silicon (Figure
3 and Sl) at approximately 250 and 100 mV. Since subsequent
discharge cycles appear to go through the same electrochemical
processes’, it is particularly important to understand these
processes. Figure 8 shows the 'Li NMR spectra of samples
extracted following discharge after charging to 3.0 V. The first
process, which starts at 300 mV and ends at approximately 150
mV, is accompanied by the appearance of a broad NMR
resonance centered at around 3 ppm (see for example, the 260
mV sample). The NMR spectrum of the 200 mV sampleisaso
dominated by the 3 ppm signal, but the presence of a tail at
higher frequencies (centered around 12 ppm) indicates a minor
presence of Li environments nearby Si clusters. The 3 ppm
resonance is surprising, because on the basis of our earlier
assignments it should indicate isolated Si ions. However, a2—3
ppm resonance is aso formed at the end of the first charge,
where we suggested that it may be dueto Li nearby much larger
Si clusters. The observation of presumably the same resonance
on both charge and discharge strongly suggests that this 3 ppm
resonance is indeed due to Si nearby larger Si clusters, where
little transfer of electron density between the Si clusters and
the ionic Li* ions has occurred; that is, the Li™ ions are till in
a diamagnetic environment with a high partial charge. Again,
this hypothesis requires testing.

Beyond 150 mV, the peak intensities change in a manner
that is similar to that observed during the first discharge. After
200 mV, the resonance due to Li nearby small Si—Si clusters
at 16.9 ppm starts to gain in intensity (along with the weaker
resonance at approximately 8 ppm due to Li nearby clusters
and isolated Si) until the end of the second plateau-like region
at 70 mV. Beyond this point the 16.9 ppm resonance disappears,
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Figure 9. (a) Ex situ PDF G(r) and (b) integrated area under the first two
PDF correlations peaks, for battery samples stopped during the second
discharge.

and at 0 mV, the 5 ppm resonance due to Li nearby isolated
silicon ions dominates. The presence of an overlithiated Liys5Sis
phase was detected in every subsequent discharge cycle after
the first discharge’ (see Sl for an in situ NMR experiment that
illustrates this (Figures S11 and S12)).

The short-range correlations in the PDF patterns (from 2—6
A) and the integrated areas under the peaks for samples stopped
during the second discharge are shown in Figure 9. The decrease
in intensity of the 3.8 A peak and the 2.35 A peak does not
follow the same trend as observed for the first discharge. The
intensity of the 3.8 A peak has diminished almost completely
at the end of the first discharge plateau-like region, that is, in
for the sample collected at 120 mV. However, the 2.35 A peak
is still present in the PDF pattern of this sample, indicating a
complete loss of larger Si—Si—Si units, but the presence of
residual Si—Si bondsin the structure. The peak at approximately
4.2 A grows in this range, which we ascribe to the formation
of Si “stars” (Figure 1b) or possibly S—Si—Si trimers. Beyond
this point, and along the lower voltage process at approximately
100 mV, the first coordination (Si—Si bond) peak continues to
lose intensity. The PDF pattern of the 75 mV sample contains
anew pesk at approximately 2.5 A, which is assigned to first
shell Li—Si correlations. These correlations are clearly seenin
the PDF patterns of the model compounds Li,Si7, Li-Si3, and
Li13Sis (see Sl, Figure S1). At the sametime, the“2.35 A” peak
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Figure 10. Ex situ 'Li MAS NMR spectra of battery samples stopped
during the first charge subsequent to a partial discharge to 85 mV.

shiftsto lower values (approximately 2.30 A), which we ascribe
to the formation of more multiply bonded Si—Si linkages. The
integrated “2.35 A” peak intensity is strongly affected by the
contribution from the 2.5 A peak (Figure 9b), assigned to Li—Si
correlations. Thus, the line shape was deconvoluted with two
peaks (2.25 A and 2.45 A) for the 75 and 0 mV samples, and
only the 2.25 A deconvoluted integrated intensities are plotted.
(see Sl for this deconvolution and further discussion concerning
the error bars). In summary, the plot of the Si—Si correlation
intensities shows a decrease and almost complete loss of
intensity of the 3.8 A peak during the first higher voltage
process, the 2.35 A peak losing intensity during both processes,
but most noticeably during the lower voltage process, some
intensity remaining at the end of full discharge. At 0 mV, the
characteristic distance at 4.7 A due to the crystallization of the
Liis46Si4 can be observed.

Effect of Partial Discharging: First Charge. To investigate
the correlation between structure and the two unexplained
processes following a partial discharge,? a series of NMR spectra
of samples were collected following discharge to a cutoff of 85
mV (Figure 3b) and subsequent charging. The cutoff voltage
85 mV is selected because it corresponds to a point near total
amorphization of the crystaline silicon matrix. The studies
described above indicate that, at this state of discharge, there
are two main lithium local environments, lithium ions surround-
ing predominantly isolated Si ions (weaker resonance at
approximately 8 ppm), and lithium ions close to Si—Si small
clusters (14 ppm). Délithiation of this 85 mV phase to 250 mV
is associated with a small shift of the 14 ppm (cluster) Li
resonance to higher frequency (16.5 ppm) and aloss of intensity
of both the cluster and isolated Si, Li resonances (Figure 10).
Both appear to suggest that larger clusters are formed at the
expense of some of the isolated anions. The cluster resonance
then decreases in intensity, and from 330 to 425 mV, it shifts
to noticeably lower frequency, reaching 10 ppm at the end of
the low voltage process. This change is ascribed to the noticeable
and preferential delithiation of the Li nearby small Si—Si
clusters. The 10 ppm resonance can be assigned to Li nearby
both clusters and isolated Si based on the Li3Si4 resonance at
12 ppm, suggesting that the remaining Li does exist in these
environments, presumably because the Li in environments
nearby only clusters has aready been removed. We note
however that LiSi also resonates at 12.6 ppm,*” and more
experiments (utilizing Si NMR) are in progress to establish
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the nature of some of the clusters more definitively. Beyond
this point, the 10 ppm resonance completely disappears, and a
shift of the 5.5 ppm resonance is observed, again to close to 3

ppm.

4. Discussion of the Lithiation Mechanisms

First Discharge. In general, lithiation is expected to start on
or closeto the surface of aSi particle, where the Li in electrolyte
has access to the particle through the SEI. The significant
volume expansion associated with lithiation of Si also favors a
reaction front that starts from the surface. A recent density
functional theoretical (DFT) study of lithium transport in
crystalline silicon thin films found alarge activation energy for
lithium transport from the (100) surfaceinto the bulk (0.88 eV),
with lower activation energies for transport between subsurface
sites (0.5 eV) and within the bulk (0.57 eV).*® The larger
activation energy largely resulted from the presence of a stable
(low energy) sitefor Li on the silicon surface, these DFT studies
again suggesting that the reaction starts by lithiating the surface.
Presumably, theinitial Li ions enter the Si framework from the
surface sites forming interstitial sites. The presence of Li and
the associated addition of electron density to the silicon
framework will weaken the Si network surrounding Li, eventu-
ally resulting in Si—Si bond breakage and the formation of small
Si (negatively charged) clusters surrounded by Li ions (Figure
11, I1). Given (a) the large activation energy associated with
Si—Si bond breakage, particularly for crystalline Si, and (b)
the volume expansion associated with Li insertion, once Si—Si
bond breakage has started, it will be (kinetically) easier to
continue to break up these Si clusters, rather than to continue
to lithiate and break up more of the Si framework. There will
be a competition between the two processes (i.e., reaction with
the framework, vs the clusters), both factors (i.e., the kinetics
and the volume expansion) preventing the system from reaching
thermodynamic equilibrium even if the potentia isremoved and
the system is alowed to relax. Our results suggest that the
intermediate phases such as Li-Si3 (containing dumbbells only)
do not crystallize at this stage, because no single type of silicon
cluster is present in the amorphous region. Crystalization to
form one particular crystalline cluster phase would require Si—
Si bond breakage and rearrangements (Si migration), which
involves too large an activation barrier. The inhomogeneity of
Li content likely occurs at both local and electrode level, the
poor electronic conductivity of silicon likely contributing the
latter inhomogeneity.

Such a scenario agrees with our PDF data, which shows a
larger drop in intensity of the second and third Si—Si correla-
tions over that expected in a reaction to directly form LiysSiy,
indicating that clusters must be present. The 2.35 A correlations
are present throughout confirming that small clusters are present;
their intensity at 85 mV (and the intensity of the 3.8 A peak) is
greater than predicted for a model where only dumbbells are
present, showing that isolated Si ions must also be present,
consistent with the NMR data at this stage. A comparison
between the Li NMR data of Li,Si and the model compounds
again suggests that the Si clusters are relatively small, likely
comprising dumbbells, stars, and possibly trimers/small rings.

The lithiation continues until al of the silicon atoms of the
diamond matrix are consumed via bond breakage, as seen by
PDF at beyond 85 mV (Figure 11, 111, Li»33Si). At this point,

(18) Peng, B.; Cheng, F.; Tao, Z.; Chen, J. J. Chem. Phys. 2010, 133,
034701/1.
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Figure 11. Illustration of mechanisms by which silicon is lithiated and delithiated. | to IV corresponds to lithiation of crystalline silicon discharged down
to 0 mV. Red arrows denote discharge steps, while blue and green arrows denote charge steps. V to VIII correspond to the delithiation of fully lithiated
silicon, and V111 to XI correspond to the relithiation of amorphous silicon to form fully lithiated silicon for cycle #x (x > 1).

a gradua shift of the NMR peaks to lower frequency, corre-
sponding to the breakage of the small Si clusters, is seen,
predominantly resulting in the formation of isolated silicon ions.
A crystalline phase LijsSis can now (i.e., below 50 mV)
nucleate from an amorphous LiySi phase, because the amor-
phous phase largely containsisolated Si anions and only a few
Si clusters (Figure 11, 1V). We speculate that one reason that
the metastable Li;sSi, phase crystallizes rather than the ther-
modynamic phase Li»;Sis is because this phase can accom-
modate defects, such as Si—Si dumbbells, more readily than
Liz]_sis.

First Charge. The delithiation mechanism is shown in Figure
11 from 1V to VIII. Contrary to the lithiation of crystalline
silicon, delithiation from Li1sSi4 may, in principle, proceed from
both the surface and from the bulk owing to the high lithium
diffusivity in the lithiated phases. Evidence for rapid Li motion
in the Li,Si phases comes from the sharp “Li NMR resonances
that were observed in the static NMR spectra for the amorphous
and crystalline lithiated phases’ and for the lack of clear
resolution of the signals from the different crystallographic sites
inthe’Li MASNMR of the model compounds, even at spinning
speeds of 38 kHz. Delithiation of Li;sSi, should lead to the
formation Si clustersif delithiation follows the thermodynamic
pathway, and yet these are not seen in significant concentrations

in the Li NMR spectra (Figure 6). Thus, it appears that once a
nucleation site, in the form of a small cluster is formed, this
starts to grow to form an amorphous silicon matrix. Growth is
helped by the rapid diffusion of Li* in the Li,Si phase, away
from the growing Si cluster/amorphous Si domain. Growth of
an already formed cluster (or a defect that remains at the end
of thefirst discharge) is more likely to dominate over nucleation
to form a new cluster, because the latter requires two highly
charged silicon anions (with forma charge of approximately
4-) in the Li;sSi4 to migrate closer together and to combine.
In contrast, addition of a Si anion to a growing Si nucleus (Si
cluster) that has aready formed, which will have alower formal
charge (per Si atom), should proceed more readily (Figure 11,
V to VI). Thus, the lithiated phase with isolated Si ions is
gradually converted to an amorphous Si phase. A few Li ions
remain, as seen by the resonance at 3 ppm, but these are ascribed
to Li on the surfaces of larger amorphous Si domains or
coordinated to much larger Si clusters.

Second Discharge. The second discharge of the amorphous
Si, based on the combined PDF and NMR studies, (Figure 11,
from V111 to XI), progresses by breaking down the amorphous
silicon matrix to form silicon clusters. The amorphous silicon
meatrix is more open than the crystalline one and thus can be
more readily penetrated by lithium, resulting in almost complete

J. AM. CHEM. SOC. = VOL. 133, NO. 3, 2011 511



ARTICLES

Key et al.

lithiation of the whole Si matrix by the end of the first (higher
voltage) process. This is seen by the aimost complete loss of
the Si 3.8 A correlation in the PDF experiment (Figure 11, 1X)
by 200 mV. The clusters that form at this point differ
electronically from those of the model compounds: no reso-
nances near 16 ppm are seen in the Li NMR experiment. They
are also associated with an increase in intensity of the 4.2 A
PDF correlation. Beyond this point, the Si clusters are lithiated
and further broken down (Figure 11, X) as seen by the decrease
in the Si—Si 2.35 A correlation and the appearance of the
characteristic resonance at 16 ppm, dueto Li nearby smaller Si
clusters. At the end of the second full discharge, at 0 mV, the
fully lithiated Liys45Si4 phase recrystallizes (Figure 11, XI).

Charge Following a Partial Discharge. The different mech-
anism that follows partial discharge to 85 mV is ascribed to
the presence of more Si clusters than at 0 mV. The residual
clusters can serve as multiple nucleation sites within amorphous
Li,Si, these clusters growing during the lower voltage process,
by the addition of isolated Si and presumably by fusing of some
of the smaller clusters (Figure 11, green arrows, from Il to
XII to VII or from X to VI to VII) consistent with the change
in the Li NMR spectrum from 85 to 250 mV. In the higher
voltage process, the small clusters fuse to form larger amorphous
Si domains as Li is extracted, and only a’Li signal near 3 ppm
remains at 550 mV. Note that the Li spectra following the partial
charge are very similar to that seen on lithiating the amorphous
Si phase, the presence of the larger numbers of Si nuclei
allowing delithiation to follow a pathway that is close to that
seen on discharge.

5. Conclusions

A model for lithiation and delithiation of crystalline silicon
is proposed on the basis of PDF and NMR results, to explain
the electrochemical phenomena observed during the first
discharge and all subsequent charge and discharge cycles
regardless of the voltage cutoffs used for cycling. The model is
composed of four mechanisms. Lithiation of crystalline silicon
starts and progresses with bond breakage of the Si matrix from
the surface by forming both lithiated isolated silicon anions and
small lithiated silicon clusters until bulk crystalline Si is
consumed and total amorphization is achieved. Thisisfollowed
by breakage of the remaining Si clusters to form predominantly
fully lithiated isolated silicon environments. The key to this
mechanism is (i) the difficulty in breaking up the crystalline Si
framework, which means that it is kinetically more favorable
to lithiate silicon clusters and form isolated Si ions, or smaller
clusters, than to break up the unreacted framework. (ii) Since a
distribution of different Si clusters and anions are formed, the
(more thermodynamically stable) crystalline phase expected
based on Li:Si ratio of the amorphous component does not
readily nucleate and grow, since thiswould involve Si—Si bond
breakage and rearrangement of the clusters. Only when es-
sentialy al of the Si clusters are broken up (<50 mV) is it
possible to nucleate a crystalline phase comprising isolated Si
ions. The mechanism for delithiation of the fully lithiated phase
progresses from a small number of nuclei, which are either
formed on delithiation or which may still be present in the fully
discharged phase. These nuclel grow directly to form the
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amorphous (delithiated) Si phase without (significant) formation
of any intermediate structures or compositions with multiple
small clusters. The amorphous Si phase formed on the top of
charge contains Si tetrahedra, but no order beyond the silicon
second coordination shell. On lithiation, the amorphous silicon
matrix is much more open, so that the whole matrix can now
be partialy lithiated at the end of the higher voltage process
(with a much lower overpotential than required to break the
crystalline framework), partially breaking down the Si network.
The lower electrochemical process is associated with the
breaking down of the lithiated silicon clusters, and it ends with
the recrystallization of the fully lithiated phase. If a partialy
delithiated phase, and one that still contains Si clusters, is
delithiated, these clusters appear to serve nucleation sites,
allowing the system to retrace asimilar electrochemical pathway
to that seen on discharge. In contrast, if the lithiation proceeds
al the way to form LisSiy, that is, the phase with isolated
anions, there are few S nucleation sites, and delithiation
proceeds via the growth of only afew Si clusters which then
grow to form larger Si domains and eventually the amorphous
Si phase. Finaly, we suggest that it it may be important to
control the potential windows over which the material iscycled
to optimize both the numbers and the type of clusters that are
formed and that this may be important in determining the
reversibility and capacity retention of this system. For example,
cycling the material over the first process versus the second
process involves very different rearrangements of the Si matrix
or clusters, presumably with different kinetic barriers for
reaction. Experiments are in progress to explore these suggestions.
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