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ABSTRACT

The microstructural stability of composite electrodes during electrochemical cycling is critically important as it dictates the performance of
Li-ion batteries. The issue becomes even more important for the high capacity alloying anode such as silicon that typically exhibits dramatic
lithiation—delithiation-induced volume changes. The solid electrolyte interphase (SEI) layer formed on the active electrode surface has a pro-
found effect on the overall microstructural stability of composite electrodes. An ideal SEI layer allows Li" ions in and out of the electrode,
but is an insulator to electrons, preventing the electrolyte from being further reduced. However, the SEI layers formed during initial lithia-
tion may experience changes or degradation with subsequent cycling, adversely affecting the electrode performance. A combination of
hyperpolarized '**Xe and Li nuclear magnetic resonance spectroscopies was applied to probe the microstructures of nanocomposite silicon
electrodes at various stages of the lithiation-delithiation cycle. The results obtained from this study shed light on the degradation mecha-
nism of nanocomposite Si electrodes upon electrochemical cycling and should prove useful in the effort to design more robust electrodes in

the future.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001768

I. INTRODUCTION

The Li-ion battery has attracted a lot of attention as it is com-
monly used in portable electronics and electric vehicles. Much effort
has been devoted recently to developing advanced anode and
cathode materials to enhance the performance of the Li-ion battery
and expand its application. Silicon is one of the most promising
anode materials for Li-ion batteries due to its high volumetric
and specific capacity.’ However, huge volumetric changes"’
during electrochemical cycling affect the integrity and stability of the
silicon anode, dramatically reducing the cycle life of the battery and
limiting its wider application. Nanostructuring of Si electrodes has
been demonstrated to be an effective strategy in mitigating the

lithiation—delithiation-induced strain that significantly improves their
cyclability.* The cycle life and stability of Si-based electrodes were
further improved by using binders that effectively glue the active par-
ticles and conducting agents (e.g., super P carbons) together and to
the current collectors.”™"” The stability of the solid electrode interface
(SEI) layer is another key factor that affects the performance and
cycle life of the battery. The SEI layer is a film formed as a result of
electrolyte reduction on the surface of the anode during the initial
lithiation. An ideal SEI layer should be a good conductor for Li*
ions, allowing Li" ions in and out of the electrode, but an insulator
to electrons, preventing the electrolyte from being further reduced.
Microstructures of nanocomposite Si electrodes including the
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thickness of the SEI layer, pores, and connectivity of the pores most
likely experience changes during cycling resulting from SEI forma-
tion and cracking/agglomeration of nanoparticles during cycling. In
general, these changes negatively impact the performance and life-
time of the battery. Thus, it is critically important to examine the
changes in microstructures of nanocomposite electrodes to better
understand the stability of the SEI and the integrity of the electrodes
to further improve the capacity and cycle life of the Li-ion battery.

Numerous studies have been reported on the morphology and
chemical composition of the SEI layer formed on silicon nanoparti-
cle composite anodes using a variety of microscopy and spectro-
scopic techniques.'*™*' The thickness of SEI layers was estimated
based on the transmission electron microscopy (TEM) images for
the Si nanoparticle electrode upon cycling.'* However, it is chal-
lenging for TEM to differentiate between the SEI layer and litigated
Si nanoparticles to provide accurate results. In addition, the afore-
mentioned techniques'*™*' were not applicable for obtaining the
information on the (nano)porosity and connectivity of (nano)pores
in the Si nanocomposite electrodes. Since microstructures of pores
and the connectivity of the pores significantly influence the ion
transport properties in nanocomposite Si electrodes, impacting the
overall Li-ion battery energy output, it is important to examine the
changes in (nano)porosity and connectivity among (nano)pores
before and after electrochemical cycling to better design next gener-
ation of Li-ion batteries. Hyperpolarized (HP) '*Xe NMR has
been proven to be a powerful tool for probing (nano)pores and
their connectivity””’ due to a large chemical shift range of '*’Xe,
which is extremely sensitive to the local chemical environment and
microstructure of the pores.”** The dramatic increase in signal to
noise (a factor of 10*) by employing the optical pumping method to
produce HP xenon enables pore characterization studies without
using high pressured Xe gas. Our previous study” has already dem-
onstrated that HP '**Xe NMR is a unique tool for probing changes in
porosity and connectivity among the pores in nanoporous composite
Si electrodes as a result of the formation of the SEI layer. In this
study, HP '**Xe NMR is applied to examine changes in microstruc-
tures of Si (nano)composite electrodes including the thickness of the
SEI layer, uniformity of the (nano)pores, and connectivity among the
(nano)pores as a result of electrochemical cycling. Due to the
complex nature of the Xe interactions with the surface, comparative
studies of '**Xe NMR spectra taken before and after electrochemical
cycling were conducted, enabling the examination of the electrochem-
ical cycling effect on the microstructures of electrodes. In comparison
with the previous study’’ on electrodes without electrochemical
cycling, this work provides new insights into how electrochemical
cycling affects the porosity, pore connectivity, and the thickness of
SEI layers in nanocomposite Si electrodes. The information obtained
from this study is critically important for gaining a better understand-
ing of the mechanism of disintegration of the nanocomposite silicon
electrodes and degradation of the SEI upon electrochemical cycling
that will help build robust batteries in the future.

Il. EXPERIMENT

A. Sample preparation

The composite anode is made of Si nanoparticles (~20 nm in
diameter), conductive carbon (super P), and carboxymethyl
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cellulose (CMC) binder that were purchased from Sigma Aldrich.
Si (nano)particles were mixed with carbon (super P) with a weight
ratio of 1 to 1 in ethanol. The (Si+ C) mixture was stirred for 4 h
and sonicated for 2 h at room temperature, followed by drying on a
hotplate at 100°C for 15h with continuous stirring. The mixed
powder was placed in an oven at 100°C for additional 9h of
drying. To make laminated composite Si electrodes
(Si+C+ CMC), the dried powder mixture (Si+ C) was added to
2wt. % CMC solution in water [the amount of CMC solution is
determined by the ratio of (Si+ C):CMC fixed at 80:20 by weight]
followed by stirring for 30 min and the resulting slurry was then
cast on the copper foil and dried under vacuum at 100°C for
several hours.

The electrochemical cycling was performed in a beaker cell.
Beaker cells were assembled with a circular 2-in. diameter anode
disk that was cut out from the composite electrode laminate
serving as a working electrode and lithium metal foil serving as a
reference electrode using the conventional liquid electrolyte that
was made of 1 M LiPF¢ (lithium hexafluorophosphate) dissolved in
a 1:1:1 ethylene carbonate/diethyl carbonate/dimethyl carbonate
(DMC) solvent mixture. The formation of SEI on the Si nanocom-
posite electrode was carried out using this beaker cell by holding
the working electrode at a constant potential (0.5V versus Li/Li")
for 12 h. The electrochemical measurements including cell assem-
bly and cycling were conducted in an Ar-filled glove box
(H,0 <0.1 ppm and O, <0.1 ppm). Cycling was performed galva-
nostatically using a constant rate of C/20 at room temperature. A
reference sample (soaked only) was also prepared by simply
immersing the electrode laminate in the electrolyte solution for
12 h without applying any potential. Two cycled samples, denoted
as CYCI and CYC2, were prepared after one and five lithiation-
delithiation cycles, respectively. Cycled composite electrodes after
cycling were taken out from the beaker cell and thoroughly rinsed
with DMC followed by natural drying overnight in an Ar-filled
glove box. NMR samples were prepared from the dried samples by
gently scraping off from the copper disk and packing them into a
7 mm Zirconia rotor in an Ar-filled glove box. The entire process
of cell disassembly, active anode material scrapping, drying, and
NMR sample preparation was carried out in an Ar-filled glove box,
and the NMR spectra were taken within 15-20 h. Care was taken to
avoid sample exposure to the environment and as such we do not
anticipate additional microstructural changes in the cycled samples
after electrochemical tests were done.

B. Hyperpolarized '2°Xe NMR measurements

HP '*’Xe NMR experiments were carried out on a Bruker
Avance DSX 300 MHz spectrometer operating at 82.98 MHz (mag-
netic field 7.05 T) with a variable temperature magic angle spinning
double-resonance probe. The HP '*’Xe gas produced using a
homemade **Xe polarizer constructed based on the previous study
by the Hersman and Saam groups’’™* was introduced into the
packed samples through a small-drilled hole in the rotor cap via
plastic tubing (1.5mm ID). For HP '*Xe NMR experiments, a
single-pulse Bloch-decay method was used and samples were
loaded into 7 mm Zirconia rotors inside the Ar glove box. The
rotor cap with a small-drilled hole allowed the HP '*’Xe gas to
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pass through a plastic capillary tube into the sample. The HP '**Xe
NMR experiments were performed without sample spinning. The
HP '**Xe NMR spectra were taken with a 1-us '**Xe pulse, a 10 ms
repetition delay, and under a continuous flow (CF) of HP xenon.
The number of transients was 500-2000 depending on the signal to
noise. A gas mixture of Xe, He, and N, of 1%:66%:33% in volume
was used in HP '*Xe gas production for all CF HP '*’Xe NMR
measurements, while a constant flow rate of ~300 cc/min (gas flow
normalized to standard conditions) was maintained. A liquid N,
cooling assembly and temperature controller attached to the NMR
probe allowed variable temperature NMR measurements carried
out. The chemical shift for the free xenon gas was assigned to
0 ppm as a reference for all "**Xe NMR chemical shift data.

C. 7Li NMR measurements

Solid-state “Li NMR measurements were carried out with a
Bruker Avance DSX 300 MHz spectrometer (7.05 T magnetic field
and 116.64 MHz resonance frequency) using a magic angle spin-
ning double-resonance probe. The experiments were carried out
without magic angle spinning. Single-pulse NMR spectra were col-
lected with a pulse length of 4 us (900 pulse) for “Li and a repeti-
tion delay of 200 ms. The number of transients was 4096. Li NMR
chemical shifts were referenced by 1M LiCl solution in D,O at

0 ppm.

Ill. RESULTS AND DISCUSSION
A. HP '?°Xe NMR at 300 K

HP '®Xe NMR measurements were performed on five Si
nanocomposite electrodes: unsoaked, soaked, SEI, CYCI (cycled
one time), and CYC2 (cycled five times) for studying the influence
of cycling on microstructures of nanocomposite Si electrodes.
Figure 1 displays the CF HP '**Xe NMR spectra taken at 300 K for
all five composite electrodes. All spectra taken under the same con-
ditions enabled the examination of any changes in microstructures
(the thickness of SEI, pore uniformity, and pore connectivity) upon
cycling.

As described in our previous study,” '*’Xe NMR chemical
shifts are very sensitive to the local environment of the Xe atom.
The measured '**Xe NMR chemical shift, &, for adsorbed xenon
is the weighted average of different local environments sampled by
xenon atoms within its characteristic diffusion distance,”*”’

B =Y o

where 8, p;, and n represent the chemical shift of xenon adsorbed
on site 7, the fraction of xenon atoms in site i, and the total number
of sites, respectively. The chemical shift in a site (J;) can be
described as a sum of three components: ;=38 + ds + Oxe—x. for
porous materials with no paramagnetic impurities nor with strong
adsorption centers present. &, is the chemical shift of xenon gas at
zero pressure, which is set to 0 ppm as a reference chemical shift,
while J, a characteristic of a given adsorption site, is the contribu-
tion due to the interaction of Xe with the specific surface site. The
85 value reflects both the chemical composition of the surface and
the geometry of the xenon environment in a given adsorption site.

ARTICLE avs.scitation.org/journalljva

129Xe Chemical Shift (ppm)

FIG. 1. CF HP '®Xe NMR spectra taken at 300K for samples of unsoaked,
soaked, SEI, CYC1 (cycled one time), and CYC2 (cycled five times) composite
electrodes. The peaks at 0 ppm are cut off due to the vertical expansion of the
spectra.

Oxe—xe comes from the Xe-Xe interactions that are dependent on
xenon concentration. However, the contribution from the Xe-Xe
interactions, x._x., is negligible in the present study due to the
very low concentration of Xe in the sample since only a very low
partial pressure of xenon (1% of total or 10 mbar) was used in the
CF gas mixture. The enhancement of the Xe NMR signal by several
orders of magnitude was achieved through optical pumping of Xe
gas and subsequent spin-exchange between Rb excited electronic
spin states and Xe nuclear spin states. This spin-exchange results in
a nonequilibrium population in Xe spin states, which dramatically
increases the '*’Xe NMR signals, enabling the use of low Xe con-
centration in the measurement. Thus, the measured HP '**Xe
NMR signals at the chemical shift 8,5, mostly from the interaction
of Xe with the surface of porous materials rather from the Xe-Xe
interaction. The spin-polarized Xe gas percolates through the con-
nected pores and samples local pore environments, registering a
chemical shift that correlates with pore size. '**Xe NMR has the
unique advantage of probing not only these buried interfaces but
also the connectivity between pores as compared with other tech-
niques.”” From the comparative studies of a series of HP '**Xe
NMR spectra taken under the same conditions, it is possible to
obtain information on the thickness of the SEI (related to the pore
size of the voids created among nanoparticles), uniformity of the
pores (distribution of different types of pores), and connectivity
among pores.

A resonance peak at 0 ppm in Fig. 1 is assigned to the free Xe
gas that was trapped in the free space inside the rotor and above
the packed samples, and the peaks with larger or positive chemical
shifts are associated with the adsorbed Xe within the pores of the
sample material. Although the data were taken for “unsoaked,”
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“soaked,” and “SEI” samples previously,”” the measurements were
repeated on freshly prepared samples under the same condition as
for the CYC1 and CYC2 samples to examine any microstructural
changes arising from electrochemical cycling in this study. Figure 1
displays obvious changes in chemical shifts for the adsorbed Xe
resonance peaks after SEI formation and electrochemical lithiation/
delithiation cycling. The chemical shift for the soaked sample is
shifted to a lower value after immersing a dry composite electrode
into the electrolyte solution. Additionally, the chemical shift for the
SEI sample is further shifted to a lower value as compared with
soaked sample. These observations are in agreement with our pre-
vious report.”” The resonance peaks in '*’Xe NMR spectra at
higher chemical shifts are often associated with the smaller pores
when the surface chemical composition and geometry of the pores
are similar. This is because the Xe atom inside the smaller pores
has a higher probability (or larger p;) to be adsorbed onto the
surface, resulting in a higher chemical shift as indicated in Eq. (1).
A lower chemical shift observed for the SEI sample compared to
that of the soaked sample suggests an increase in average pore size
in the composite electrode upon SEI formation, presumably
arising from nanoparticle agglomeration. Furthermore, similar
chemical shifts observed for SEI and CYC1 samples (Fig. 1)
suggest that the particle sizes or SEI layer were not significantly
affected after one lithiation-delithiation cycle. However, obvious
changes in chemical shifts after multiple lithiation-delithiation
cycles (compare CYC2 and CYC1 spectra) were observed in
Fig. 1, where two '*Xe NMR peaks were observed for the
adsorbed Xe on CYC2 sample but only one peak for the CYC1
sample. The existence of two '*’Xe NMR resonance peaks indi-
cates that there are at least two different pore environments for
adsorbed Xe in the CYC2 sample. A '*°Xe NMR peak at
14.5 ppm, an increase of ~5.0 ppm as compared with the peak at
~9.5 ppm for the CYCI sample suggests that smaller pores are
formed, whereas an additional resonance peak at ~ 6.5 ppm is
indicative of the presence of much larger pores after five cycles.
The appearance of a large peak at 6.5 ppm may imply the thicken-
ing of SEI layers upon multiple cycling, which causes the particle
size to further increase. Consequently, the space between the par-
ticles becomes even larger. The broad Xe peak at 14.5 ppm in the
CYC2 spectrum with a chemical shift larger than the SEI sample
peak (~9.5ppm) indicates probable mechanical damage (crack-
ing) of the initially formed SEI layer after multiple cycling. The
repetitive expansion (lithiation) and contraction (delithiation) of
Si nanoparticles are likely to cause small voids or cracks in the
SEI layer.

B.’Li NMR at 300 K

’Li NMR spectra of unsoaked, soaked, SEI, CYCl, and CYC2
samples are shown in Fig. 2. The “Li NMR spectra were taken at
300 K and under identical conditions for all samples. No “Li NMR
peak was present in the unsoaked sample as shown in Fig. 2
because the electrode only consisted of Si, C, and CMC. But a weak
’Li NMR peak appeared for the soaked sample despite being
washed and dried before the measurement. The observed weak "Li
peak suggests the existence of a small amount of Li on the electrode
surface. This seems to suggest that SEI may be formed even by just

ARTICLE avs.scitation.org/journalljva

unsoaked

soaked

SEI

CyC1

cyc2

L e e T s e e e e e B L B e e e S
200 100 0 - 100 - 200 - 300

129Xe Chemical Shift (ppm)

FIG. 2. "Li NMR spectra taken at 300 K for samples of unsoaked, soaked, SEI,
CYC1 CYC1 (cycled one time) and CYC2 (cycled five times) composite Si
electrodes.

soaking the composite electrode in the electrolyte. A very weak Li
signal indicates that the SEI layer developed upon simple soaking
of the composite electrode in the electrolyte was not fully formed.
Figure 2 clearly illustrates that the Li signal intensities increased
significantly upon SEI formation and lithiation—delithiation cycles
(compare SEI, CYCI, and CYC2 spectra), implying the formation
of thicker SEI layers on these samples. Although “Li NMR is highly
sensitive to the amount of Li on electrodes, it is insensitive to iden-
tify different local chemical environments of Li" in SEI because of
the very wide spectrum linewidth (>100 ppm) caused by a large
quadrupole moment of “Li.

The peak intensity ratios of 'Li* NMR spectra normalized to
the peak intensity of CYC2 are listed in Table I. The order of the
intensity of the “Li* NMR peak is SEI = CYC1 < CYC2. The higher
intensity of Li* for the CYC2 sample indicates higher lithium
content in the CYC2 sample (as part of the SEI), which is consis-
tent with the result from HP '*Xe NMR spectra (Fig. 1), where the
Xe chemical shifts for SEI and CYC1 samples are the same, but
very different from that of the CYC2 sample. It seems likely that a
thicker SEI layer is formed in CYC2 than in CYCI and SEI
samples as suggested by both ’Li NMR and HP '*Xe NMR
spectra.

TABLE I. Peak intensity ratios of 'Li* NMR spectra normalized to the peak intensity
of CYC2.

Samples Li* intensity ratios
Soaked 31.33/734.67 = 0.042
SEI 468.51/734.67 =0.6377
CYC1 450.50/734.67 = 0.6132
CcYC2 734.67/734.67 = 1.000
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C. Temperature-dependent HP '2°Xe NMR

Temperature-dependent '**Xe NMR has been proven to be a
useful tool in probing the dynamics of adsorbed xenon and the
morphology of the pore space.””™” A series of temperature-
dependent HP '**Xe NMR spectra for all five samples are displayed
in Figs. 3 and 4. The temperature-dependent data were measured
using a variable temperature probe at temperatures from 170 to
313 K with a 20 K increment. Figures 3 and 4 exhibit the peak asso-
ciated with adsorbed '*’Xe NMR resonance progressively moves to
higher chemical shift values with decrease temperature. This shift
to the higher ppm values is due to the increased contribution from
the adsorbed Xe at lower temperatures.” In general, the line widths
of the '*’Xe NMR resonance peak at low temperatures are corre-
lated with the nonuniformity of the pores with no large chemical
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shift anisotropy present. The linewidths observed from this study
are much narrower than the predicted linewidth associated with
the chemical shift anisotropy,””*° suggesting that there is negligible
chemical shift anisotropy present in all our samples. Thus, the line-
width at a lower temperature can be used to assess the uniformity
of the pores in this study. Broader '*’Xe NMR resonance peaks
observed for all five samples at lower temperatures arise from the
slowing down the exchanges of Xe in pores with different sizes,
revealing the nonuniform distribution of the pores. With increasing
temperature, the contribution from the adsorbed Xe is reduced and
the Xe has high mobility to move through connected pores, result-
ing in a narrower linewidth. The NMR resonance spectra taken at
high temperatures reflect not only a distribution of the pores but
also the connectivity among the pores. Therefore, a thorough

)
Soaked

313K

300K

293K

273K

253K

233K

213K

193K

173K

100 80 60 40 20 0
d)
CYC1
J 313K
£ 300K
N 293K
273K
MMW/\‘ 253K
WN 233K
M——/\J 213K
193K
173K
LI L R B B R B R | T
100 80 60 40 20 0
Chemical Shift (ppm)

FIG. 3. Temperature-dependent HP '?°Xe NMR spectra taken for (a) unsoaked, (b) soaked, (c) SEI, and (d) CYC1 (cycled one time) composite Si electrodes.
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analysis of the linewidths from the temperature-dependent '**Xe
NMR data allows us to examine not only the uniformity of the
pores environments but also the connectivity among different
pores.

Figure 3 shows that the chemical shifts for the unsoaked
sample are higher than those for the soaked samples at all tempera-
tures (about 10 ppm difference at 173 K and 5 pm at 300 K). A pre-
vious study on MCM 41 also reported a downward shift in
chemical shifts upon molecular adsorption'* owing to the removal
of the micropores or smoothing of the “roughness” of the internal
pore surface upon filling in those micropores and rough surfaces
with small molecules. It seems that the reduction in a chemical
shift for the soaked sample as compared with the unsoaked sample
is most likely due to the adsorption of electrolyte molecules or ions
onto the nanocomposite Si electrode surface. This downward trend
in chemical shifts continues as the SEI layer is formed on the
soaked sample (>4 ppm difference at a temperature below 300 K).
However, less obvious differences in chemical shifts between SEI
and CYC1 samples were observed in comparison to those between
the soaked and unsoaked samples. Quite comparable temperature-
dependent variation in '*Xe NMR chemical shifts and linewidths
for CYC1 and SEI samples in Fig. 3 suggests that the degree of
nonuniformity of the pore environments and connectivity among
the pores in SEI samples did not change much after one lithiation-
delithiation cycle. This is in agreement with the observation of
nearly identical chemical shifts at 300 K for SEI and CYC1 samples
in Fig. 1 and further suggests that the first delithiation cycle has a
negligible effect on the thickness of the SEI layer and does not
cause major cracks in the SEI layer since the chemical shifts are
altered by the thickening of the SEI layer (larger pores) and the for-
mation of cracks (smaller pores) in the SEI layer. The narrower
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peaks at high temperatures observed for both SEI and CYC1
samples suggest that the pores with different pore environments
are well connected.

Figure 4 exhibits the temperature dependence of HP '*’Xe
NMR spectra of the nanocomposite Si electrode after five lithia-
tion—delithiation cycles (CYC2). Corresponding data shown in
Fig. 3 for the CYCI sample (i.e., after one lithiation—delithiation
cycle) shown in Fig. 3 are also included in the figure for ease of
comparison. In comparison with the spectra for the CYC1 sample,
obvious changes in the '*’Xe NMR spectrum were observed for the
CYC2 sample that underwent multiple lithiation—delithiation
cycles. For the CYC2 sample, two resonance peaks are clearly
present at temperatures of 193 K and above. This additional peak
emerged as a shoulder peak at 193 K and became better resolved at
temperatures above 293 K. In contrast, for the CYC1 sample, one
single '**Xe NMR peak associated with the adsorbed Xe is present
at all temperatures. In addition, the chemical shift values associated
with the smaller pores for the CYC2 sample are significantly higher
than those for the CYCI sample (difference of 15ppm at 173K
and 5ppm at 300K), strongly indicating significant changes in
pore environments for the sample that underwent multiple lithia-
tion—delithiation cycles. At 173 K, both spectra show broad peaks
with chemical shifts of 74 and 89 ppm for the CYC1 and CYC2,
respectively. Higher chemical shift values associated with the
smaller pores formed in CYC2 are most likely to arise from either
the aggregates of broken-down particles or from the void of cracks
in the existing SEI layers after multiple cycling. However, it is sur-
prising to observe the presence of another peak at a lower chemical
shift for CYC2 that is absent for all other samples. This additional
peak at 6.5 ppm (see CYC2 spectra in Fig. 4) appears to be visible
at temperatures at >173 K and the associated chemical shift did not

CYC2

313K
300K

293K
273K

253K

233K

213K

193K

173K

L
100 80 60 40 20 0

Chemical Shift (ppm)
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FIG. 4. Temperature-dependent HP '?’Xe NMR spectra taken for cycled composite Si electrodes: (a) CYC1 (cycled one time) and (b) CYC2 (cycled five times).
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change much with varying temperatures. The observation of two
discernable resonance peaks at temperatures up to 313 K suggests
that the relatively larger pores associated with this resonance peak
at 6.5 ppm are not well connected with the smaller pores observed
at higher chemical shifts. If these larger pores at 6.5 ppm are well
connected to those smaller pores, the chemical shift observed for
these larger pores would shift to higher ppm values as decreasing
the temperatures due to the averaging of the signals from large and
small pores. These smaller pores or cracks associated with the
higher chemical shift might be partially blocked as a result of the
formation of thick SEI layers upon multiple electrochemical
cycling, inhibiting Xe diffusion from large pores to smaller pores.”’

Temperature-dependent '**Xe NMR chemical shift data can
be used to extract the physical adsorption of Xe on the pore sur-
faces based on Henry’s law.”* The relationship of the chemical
shifts as a function of temperature is illustrated in Eq. (2) assuming
the fast exchange and weak adsorption,

B AHp g ! V,
§=06,(1+ e® | , B=—%. 2
(4w ™) o @

In Eq. (2), Vg T, and S represent a free volume inside porous
materials, a temperature, and a specific surface area, respectively,
while Ko, R, and AH,; denote a pre-exponential term of Henry’s
constant K, a universal gas constant, and heat of adsorption,
respectively. 8, is the chemical shift that is a characteristic of a
given pore surface and can be estimated by the chemical shift
observed at the lowest temperature before Xe starts to condense
onto the surface at about 180 K under the CF conditions. Figure 5
displays the experimental data taken for unsoaked, soaked, SEI, and
CYC1 samples along with the fitted temperature-dependent chemi-
cal shift curves using Eq. (2). It is clear from Fig. 5 that the experi-
mental data are in good agreement with the fitted curve generated
using Henry’s law equation, indicating the adsorbed Xe in
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FIG. 5. Temperature-dependent chemical shift plots for unsoaked, soaked, SEI,
and CYC1 composite Si electrodes. The dots are experimental data, and the
dashed lines are fitted data along with the error bars.
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TABLE II. Heat of adsorption and surface chemical shift values.

Si electrode AH,q4, (KJ/mol) 8¢ (ppm)

Unsoaked 13.0+£0.2 109+1.3
Soaked 13.2+0.1 10415
SEI 13.2+£0.3 95,59+ 1.3
CYC1 15.0+£0.3 9191+1.3

nanocomposite electrode materials under experimental conditions
in this study obeyed Henry’s law at all temperatures.

AH, 4 and &, values listed in Table 1T were obtained from
fitting the variable temperature chemical shift data using Eq. (2).
The results from the fitted data can only be useful for the qualita-
tive comparison among different samples since Henry’s law equa-
tion is mostly suitable for the well-defined pores with narrow pore
size distribution. However, in this study, the situation is more
complex. The pores here are mostly the void space from the aggre-
gates of nanoparticles, unlike other well-defined pores. Thus
caution has been exercised when interpreting the results
quantitatively.”* Similar values of the heats of adsorption, AH,4;,
were observed in Table II suggesting typical physical adsorption of
Xe on surfaces for all measured samples. The J; values of 109 and
104 ppm listed in Table II for unsoaked and soaked samples
decreased to 91-95 ppm for the SEI and CYC1 samples. Since &
depends on the chemical compositions of the pore surfaces and the
geometries of the pores, it is understandable that obvious changes
in chemical shifts occurred upon the formation of SEI layers
causing the very different chemical composition of the pore sur-
faces for the SEI and CYYI samples as compared with those
unsoaked and soaked samples with no SEI

D. Cycling effect on porosity and integrity of
composite electrodes

A schematic illustration is given in Fig. 6 to explain the effect
of cycling on porosity and the integrity of nanocomposite Si elec-
trodes. However, caution has been taken in viewing Fig. 6 since a
simplified model was used for the illustration. Figure 6 displays that

larger void because
of continous SEl

) Cycling

Cycling
—_—
Multiple

FIG. 6. Schematic illustration of the formation of SEI and cycling induced
mechanical instability (e.g., cracking, voids) in composite Si electrodes.
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the pores are the void spaces made of nanoparticle aggregates. The
size of the pores is enlarged when SEI layers are formed on the Si
nanoparticle surface due to the increased particle size. The SEI
layer thickness was estimated to be ~18 nm at maximum based on
our previous study.”” The larger interparticle spacings as a result of
the SEI growth contributed to the lower chemical shift observed in
the '**Xe NMR spectra of SEI, CYCI1, and CYC2 samples in Figs. 1
and 3. Drawing of nearly identical particle size and interparticle
spacings in Fig. 6 for SEI and CYCI samples is based on
the similar temperature-dependent '**Xe NMR spectra (in Figs. 1
and 3). Figure 6 further illustrates that the porosity and connectiv-
ity in nanocomposite electrodes are not affected and the electrode
is mostly intact after one lithiation-delithiation cycle. However,
quite a different picture for the sample after multiple lithiation-
delithiation cycles is depicted in Fig. 6, where a thicker SEI layer or
larger particles are formed along with many small cracks in the SEI
layer. This scenario is in agreement with the coexistence of two
types of pores derived from combined '**Xe and "Li NMR results
for the multiple cycled sample (i.e., CYC2).

The illustration of increased voids among these enlarged parti-
cles is due to the formation of a thicker SEI layer for the CYC2
sample in comparison to SEI and CYCI samples. This is supported
by the observation of a lower chemical shift resonance peak at
6.5 ppm (Figs. 1 and 4) while the drawing of smaller pores inside
these large particles is based on the observation of a second '*’Xe
resonance peak at a higher chemical shift for the CYC2 sample.
The thickening of the SEI layer in the multiple cycled sample is
further validated by the fact that a significantly higher lithium
content was found from the “Li NMR spectra (Fig. 2 and Table I).
However, in reality, the situation is expected to be more compli-
cated than the simplified schematic in Fig. 6. For example, there
may be a case where an entire Si particle is completely broken
down into smaller pieces after multiple cycling thereby creating
smaller interparticle spacing or voids. However, this is an unlikely
scenario as nanoparticles of Si are more robust than micrometer-
sized particles to combat the lithiation-delithiation-induced
volume changes. Some Si nanoparticles may develop small cracks
as a result of multiple cycling. Depending on the depth of cracks,
the deeper cracks in SEI may expose fresh Si surface to the electro-
lyte solution, resulting in further electrolyte reduction to form fresh
SEL The dynamic process of damage and repair of SEI with lithia-
tion-delithiation cycles may also contribute to a gradual increase of
Li* residue in silicon electrodes and to the increased thickness of
the SEI layer. It is known that the thickening of SEI leads to poor
cycling performance due to the combined effect of permanent Li
loss, reduced lithium-ion diffusion, and increased mechanical stress
from a thick SEI layer.”™*> The SEI layer is estimated to be
~18 nm thick after one lithiation—delithiation cycle using the same
electrolyte from our previous study,” consequently, based on the
present measurements, the thickness of SEI after multiple cycling is
expected to be larger than 18 nm.

Based on the comparison of the chemical shifts observed in
this study to those reported in our previous study,”” a rough esti-
mate of the smaller pore size formed in the CYC2 sample is ~10 A
or ~lnm, much smaller than the interparticle spacing of SEI
covered Si nanoparticles as illustrated in Fig. 6. Thus, it is reason-
able to assume that the cracks of about 1-2 nm in depth are likely

ARTICLE avs.scitation.org/journalljva

to form inside the thick SEI layer (estimated to be >18 nm) after
multiple cycling. Therefore, Fig. 6 paints a fairly clear picture of the
fact that smaller voids or pores in the CYC2 sample most likely
arise from the cracks in the thickened SEI layer rather than from
the interparticle spacings between smaller broken-down Si particles.
Our simple model illustrates that the porosity and the integrity of
the electrode are significantly changed after multiple lithiation-
delithiation cycles consistent with the changes in both '**Xe and
Li NMR spectra. The results from this study demonstrate that a
combination of '**Xe and “Li NMR spectroscopy is a powerful
diagnostic tool for monitoring the subtle changes in the early
stages of electrode degradation and the mechanical failure in these
Si nanocomposite electrodes after prolonged cycling and should
prove valuable in designing composite electrodes with superior
mechanical integrity/stability.*’

IV. CONCLUSIONS

Temperature-dependent HP '*Xe NMR and “Li NMR spec-
troscopies have been successfully applied to examine the changes in
the thickness of SEI layers, pore uniformity, and connectivity
among different pores in nanocomposite Si electrodes upon electro-
chemical cycling. It was found that the initially formed SEI layer
remains mostly intact after the first lithiation—delithiation, whereas
multiple cycling induces SEI layer thickening and cracking in the
SEI layer. In this study, HP '*Xe NMR in combination with "Li
NMR has been proven as a powerful tool in providing unique
information on the microstructural (ie., uniformity of the pores,
pore connectivity) evolution in composite electrodes upon electro-
chemical cycling, complementary to other techniques. The results
from this study help provide insight toward building more reliable
and higher energy density nanocomposite electrodes for Li-ion
batteries.
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