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Abstract

The solid electrolyte interphase (SEI) of the high capacity anode material Si is monitored over mul-
tiple electrochemical cycles by "Li, '°F, and '3C solid-state nuclear magnetic resonance spectroscopies,
with the organics dominating the SEI. Homonuclear correlation experiments are used to identify the
organic fragments —OCH,CH,0—, —OCH,CH,—, —OCH,CH;, and —CH,CH; contained in both
oligomeric species and lithium semicarbonates ROCO,Li, RCO,Li. The SEI growth is correlated with
increasing electrode tortuosity by using focused-ion beam and scanning electron microscopy. A 2-stage
model for lithiation capacity loss is developed: initially, the lithiation capacity steadily decreases, Li*
is irreversibly consumed at a steady rate, and pronounced SEI growth is seen. Later, below 50% of
the initial lithiation capacity, less Si is (de)lithiated resulting in less volume expansion and contrac-
tion; the rate of Lit being irreversibly consumed declines, and the Si SEI thickness stabilizes. The
decreasing lithiation capacity is primarily attributed to kinetics, the increased electrode tortuousity
severely limiting Li™ ion diffusion through the bulk of the electrode. The resulting changes in the
lithiation processes seen in the electrochemical capacity curves are ascribed to non-uniform lithiation,

the reaction commencing near the separator/on the surface of the particles.

Introduction

In order for new electrode materials to be practically im-
plemented in a Li-ion battery, sufficient capacity reten-
tion over many electrochemical cycles must be achieved.
Since most negative electrode materials operate outside
the electrochemical window of the electrolyte, this re-
quires the formation of a stable solid electrolyte inter-
phase (SEI) on the surfaces of the electrode so as to
limit electrolyte breakdown.!™ In this study, we exam-
ine the electrode material Si, which forms an alloy with
Li during electrochemical cycling. With its fully lithi-
ated state of Li;;Si, corresponding to an excellent the-
oretical capacity of 3579 mAhg™', this material has the
potential to improve the performance of Li-ion batter-
ies.® 19 However, to accommodate 15 Li per 4 Si atoms,
a considerable volume expansion of up to 300% occurs
during electrochemical cycling.®'112 In contrast, the
commonly-used electrode material graphite, with a the-
oretical capacity of 372 mAhg!, has a much lower vol-
ume expansion of 10%.° The extreme volume expansion
in Si systems, and other electrode materials forming Li
alloys in Li-ion batteries, is thought to underlie their
poor capacity retention; the volume expansion leads to

mechanical failure and uncontrolled electrolyte decom-
position preventing the formation of a stable SEI. 13:14

With a fundamental understanding of the failure
mechanisms in Si Li-ion battery systems, it may be pos-
sible to develop a successful strategy to achieve long-
term capacity retention. Toward this goal, some strate-
gies have already been explored. For example, the neg-
ative consequences of volume expansion may be miti-
gated using capacity-limited cycling by preventing the
formation of the Li;;Si, phase.'® The use of alternative
Si morphologies may also be a way forward. For exam-
ple, improved capacity retention has been achieved us-
ing Si nanowires, in part because these studies are per-
formed at high rates, SEI formation depending strongly
on the time the electrode spends at low voltages; elec-
trical wiring of the nanowires to the current collector
for the Si nanowires grown via chemical vapor deposi-
tion also aids retention.'%'7 Alternatively, the Si par-
ticle size can be reduced to nano particles; however,
reducing the particle size leads to a greater surface area
for electrolyte decomposition. Electrolyte additives are
another strategy: Si systems cycled with electrolytes
containing additives such as vinylene carbonate (VC)



and fluoroethylene carbonate (FEC) show noticeably
improved capacity retention.®2° These additive stud-
ies provide the motivation for a deeper understanding of
the chemical composition and structure of what makes
an optimal SEI. Toward this goal, we monitor the chem-
ical composition and growth of the SEI formed in a Si
composite electrode system with a standard electrolyte
(IM LiPFg in ethylene carbonate (EC) / dimethyl car-
bonate (DMC)). A fundamental understanding of the
failure mechanisms in this system will aid optimization
of electrochemical cycling, electrode formulation, and
the use of electrolyte additives.

Innovative experimental strategies can provide new
insight, with the study of the SEI being impeded by
the experimental challenges of probing the air sensi-
tive,21:22 amorphous, nanoscale-thick interface, which
grows in situ during electrochemical cycling. In our
previous study we employed solid-state NMR (ssNMR)
using '3C-labelled electrolyte solvents to probe the SEI
formed in the first electrochemical cycle of C/Si binder-
free composite electrodes. ?? In this study, we extend the
ssNMR approach to multi-cycled electrodes, containing
50 nm average particle size Si mixed with conductive C
and a carboxymethylcellulose (CMC) binder, in order
to monitor the growth of both the organic and inor-
ganic components of the SEI. The local environments
in the SEI are probed by ssNMR, ssNMR being a par-
ticularly advantageous technique in characterizing dis-
ordered systems, in contrast to other techniques such as
X-ray diffraction (XRD). Furthermore, ssNMR is used
to probe the bulk of the thick (up to approximately
100 nm) SEI layer in contrast to characterization tech-
niques which are limited to the outermost layer of the
SEI, such as X-ray photoelectron spectroscopy (XPS).
Using ssNMR we can unambiguously detect chemically-
bonded environments relevant to the organic molecules
and oligomers of the SEI. Additionally we examine the
electrochemistry of the system and perform analysis of
the electrode samples using Focused-ion Beam (FIB)
and Scanning Electron Microscopy (SEM) characteri-
zation to observe the Si electrode pore structure and
mechanical failure. The microstructure characterization
complements the chemical analysis obtained by ssNMR
and shows the relationship between SEI growth, elec-
trode pore structure, and electrochemical capacity loss.
Finally, we use electrochemistry to separately character-
ize the SEI formed on the conductive C in the system,
demonstrating how capacity (loss) in the composite sys-
tem may be influenced by the amount of conductive C
in the formulation.

Experimental Methods

13C-enriched Electrolyte Preparation. Enriched electrolytes
were prepared in an Ar glovebox (typically H,O and O, <0.1
ppm) by dissolving 1M lithium hexafluorophosphate LiPFg
(Sigma Aldrich, battery grade, > 99.99%) in ethylene carbonate
(EC) (Sigma Aldrich, 97%, '3C-labelled 99 atom %, and Sigma
Aldrich battery grade anhydrous, > 99%, non-labelled, < 0.005%
H,0) and dimethyl carbonate (DMC) (Sigma Aldrich, 97%, 13C-
labelled 99 atom % and Sigma Aldrich, battery grade anhydrous,

> 99%, non-labelled, < 0.002% H,0) 1:1 w/w. Both 13C-labelled
EC and non-labelled battery grade EC were dried under vacuum
in a mini-desiccator to remove any trace water, and transferred to
an Ar glovebox. Both the '3C-labelled DMC and battery grade
DMC were dried using 4 A molecular sieves to remove any mois-
ture and transferred to an Ar glovebox. The dry DMC (<10 ppm
H, O, by Metrohm 899 Karl Fischer Coulometer) was mixed with
the dry non-labelled battery grade EC and used to dilute the dried
99% enriched carbonates. 25% 13C enriched electrolytes were pre-
pared with either fully-labelled 3C EC or fully-labelled 3C DMC
(Figure 1). Battery grade LP30 (1M LiPFy in EC/DMC 1:1 v/v
by Aldrich, < 15 ppm H,O) was used when no isotope enrichment
was required.
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Figure 1: 13C-enriched (a) EC and (b) DMC electrolyte molecules.

Electrode Formulation and Electrochemical Cycling.
Crystalline Si powder (Sigma Aldrich, average particle size 50
nm, <100 nm, > 98%, 325 mesh) was mixed with Carbon Su-
perP (Timcal) and sodium carboxymethylcellulose (CMC) (Sigma
Aldrich, average 700,000 gmol™!, 0.80 — 0.95 degree of substitu-
tion) in equal mass ratios (1:1:1) of 200 mg. A slurry was obtained
by mixing the powders with 6 mL distilled water in a 70 mL stain-
less steel ball mill container using two 1/2 in. diameter balls for 30
minutes using a high energy Spex SamplePrep 8000M Mixer /Mill.
The slurry was cast onto a copper substrate and dried at room
temperature. 1/2 in. diameter electrodes were punched out of
the dried film. These electrode samples were characterized using
SEM and scanning transmission electron spectroscopy (S/TEM),
seen in the Supporting Information, Figure S1; the Si particle
oxidation layer is approximately 8-15 nm.

The electrodes were each dried for 2 hours at 100 °C in a vac-
uum oven and then under dynamic vacuum in the pre-chamber
of an Ar glovebox overnight before assembly into 2032 coin cells
in an Ar glovebox (typically O, and H,O < 0.1 ppm). The coin
cell parts were dried with a minimum standard of 60°C for a week
followed by vacuum pumping in the pre-chamber of the Ar glove-
box. The weight of the active material was approximately 0.5
mg per electrode, with each electrode individually weighed inside
the glovebox prior to assembly. A counter electrode of Li metal
(Sigma Aldrich, Li metal ribbon, 0.38 mm thickness, 99.9%) was
used. The Li metal counter electrode surfaces were cleaned using
a soft brush before cell assembly. Standard porous glass fibre mat
separators (Whatman GF/B) were saturated with electrolyte. An
additional Celgard 2340 separator layer was used against the elec-
trode surface to avoid any glass fibre sticking to the surface of the
electrode samples.

The coin cells were galvanostatically cycled (using a Biologic
VSP or MPG-2). The constant current discharge rate over 30
hours, (C/X, X = 30 hours) was calculated by: I = Csimg; X 1,
with mg; being the mass of Si and Cs; being 3579 mAhg—! cor-
responding to the theoretical capacity of crystalline Li,;Si,. The
coin cells, prepared with enriched electrolytes, were cycled for 1,
30, and 60 cycles using voltage limits of 1 mV and 2 V. At the
end of cycling, the coin cells were held at 2 V for 12 hours. Af-
ter cycling, the coin cells were disassembled under Ar and dried
under dynamic vacuum in the pre-chamber of the glovebox. No
solvent was used to rinse excess electrolyte from the samples to
avoid any structural or compositional change to SEI grown on
the electrode surfaces. The electrochemical data were processed
using the Biologic EC-Lab V10.34 and Gnuplot V4.6 software.

Carbon SuperP powder electrodes, without Si and CMC
binder, were assembled into coin cells using the same method
as described for the Si composite electrodes. The conductive C
was dried on a vacuum line at 100°C for 2 days before being used
in the 2032 coin cells in ~1.5 mg quantities.

Solid State NMR.. Ex-situ multinuclear ssNMR spectra were
obtained on 11.7 T Bruker Avance IIT 500 MHz and 9.4 T Bruker



Avance 400 MHz spectrometers. Samples were packed under Ar,
avoiding any exposure to ambient air, into rotors of 2.5 mm outer
diameter. Magic-angle spinning (MAS) frequencies ranged from
10 to 30 kHz, spinning under N,. 2-4 electrode samples (of ~1.5
mg) were combined to fill the rotors and enhance signal in the ex-
periments. 'H and '3C chemical shifts were externally referenced
to adamantane ('H 1.9 ppm, 3C 38.5 ppm, CH,), and "Li and
9F to LiF ("Li -1 ppm, '°F -204 ppm). 2425 The data were pro-
cessed using the Bruker TOPSPIN software and analyzed using
the dmfit software. 26 Typical radio frequency (RF) field strengths
used were (1H) 135 kHz, ("Li) 185 kHz, (1°F) 115 kHz, and (13C)
125 kHz.

Samples prepared with each of the '3C-labelled electrolyte
solvents (Figure 1-a, b) were investigated by direct excitation
13C, 7Li, and '9F ssNMR experiments to obtain quantitative
information on the chemical environments. The 3C spectra
were acquired using swept-frequency two-pulse phase modulation
(swfTPPM) 27 'H decoupling at 90-100 kHz. Two-dimensional
(2D) cross polarization (CP) 3C homonuclear experiments were
performed, using a refocused INADEQUATE (Incredible Natural
Abundance DoublE QUAntum Transfer Experiment) pulse se-
quence, to detect directly bonded C functional groups. 2831 1H-
13C CP experiments were used to detect local environments with
these nuclei in close spatial proximity by transferring magnetiza-
tion from 'H to 13C nuclei. Dipolar dephasing (interrupted decou-
pling) 1H-13C cross polarization experiments allowed differentia-
tion between protonated and non-protonated environments. 25:32

Further experimental details are given in the Supporting Infor-
mation.

SEM, FIB, and TEM. Electrode samples were transported
from the Ar glovebox to the FIB and SEM instrument in sealed
transport bags and transferred into the loading chambers with
minimal ambient exposure (<5 min). Cross-sectional FIB/SEM
was carried out in a FEI Helios Nanolab. A protective platinum
layer was deposited onto the electrode surfaces prior to the FIB
cuts to preserve surface structure. Milling was performed at 30
kV, with currents of ~1 nA and ~100 pA for rough cut and pol-
ishing steps respectively. Due to the FIB/SEM geometry, SEM
images were acquired at an angle of 38° from the surface.

Electrode samples were also characterized using S/TEM. A
chemical map was obtained via Electron Energy-Loss Spec-
troscopy (EELS) in a FEI Osiris S/TEM, operated at 200 kV,
equipped with a Gatan Enfinium spectrometer.

Results

Electrochemistry. The representative electrochem-
istry of a coin cell cycled 60 times is presented in Figure
2. This data took approximately 2.4 months of con-
tinuous galvanostatic cycling (constant current rate) to
collect. The capacity over 60 cycles is demonstrated in
panel (a) and is replotted as a function of cycle index in
panel (b), with the lithiation and delithiation endpoints
indicated. The difference between the capacity obtained
on delithiation and lithiation, termed slippage,? is a
measure of lost Li™ in the system per cycle. The lithia-
tion endpoint slippage for each cycle is compared to the
lithiation capacity for each cycle in panel (c¢). Selected
differential capacity curves are examined in panel (d).
In the first cycle, a lithiation/discharge capacity on
the order of the theoretical capacity of Si (3579 mAhg!)
was obtained, the first cycle lithiation capacity being as-
signed to 100% State of Health (SoH) (see cycle index 1
in panels a, b, ¢). Differences from the theoretical capac-
ity of Si are ascribed to mass error and the fast current
rate. A delithiation endpoint slippage (difference be-
tween discharge and charge capacity) of approximately
760 mAhg™! was accumulated (panel a). This capacity
loss indicates LiT being irreversibly consumed in the

first cycle, the chemical composition of the electrolyte
decomposition products in the SEI at this delithiation
endpoint being explored further by ssNMR.

We note that the delithiation/charge profile of the
first cycle in panel (a) does not contain the character-
istic delithation plateau of the Li;;Si, phase indicating
that this phase was not formed on lithiation. Recent
studies have demonstrated that stress, either induced
by the presence of a substrate in the case of Si films,3*
or internal stress in the case of alloys formed with an
inactive component,3® lowers the voltage at which the
Li,5Si, phase is formed. These two studies suggest that
the stresses induced by the inactive SiO, layer during
expansion/contraction of the Si may similarly suppress
Li;;Si, phase formation. However, this phase was ob-
served following a hold step at low voltage combined
with a slower cycling rate of C/75 in our previous study
of a binder-free system,?? and the electrochemical data
of the binder-free system continuously cycled (provided
in the Supporting Information Figure S2), clearly shows
the formation of this phase in the first few cycles; both
results suggest that it is the increased polarization of
the composite films that prevents Li;;Si, formation.

After 30 cycles, the lithiation endpoint was 6116
mAhg! (see panels a and b). Ay, the total irreversible
capacity on the interval of cycles 1-30, is approximately
2558 (6116-3558) mAhgt. The rate of this capacity loss
is seen in panel (c), with the lithiation endpoint slippage
of each cycle falling quickly in the first few cycles and
then being relatively constant on the interval of cycle
index 4 to 30. The near constant endpoint slippage oc-
curring for each cycle indicates a steady rate of loss of
Lit in the system. Higher precision instruments and
improved environment control would likely improve the
scatter of the data seen here.?® Nevertheless, the broad
trends of the slippage on the interval are seen. Simulta-
neously, the lithiation capacity, seen on the right hand
axis of panel (c), fell to approximately 50% SoH by cycle
30.

After 60 cycles, the lithiation endpoint was 7435
mAhg! (see panels a and b). A,, the total irreversible
capacity on the interval of cycles 30-60, decreases to
1319 (7435-6116) mAhg!. The ratio A; /Ay is approx-
imately 1.9; this ratio was analyzed for 5 samples and
varies from approximately 1.7-1.9, likely due to mass
error. The decrease in the total irreversible capacity
on the interval Ao compared to Aq is attributed to the
declining slippage trend of As (see panel c), with the
declining slippage indicating decreasing amounts of Li™
being consumed irreversibly. The lithiation capacity
continues to decrease on this second interval, reaching
20% SoH by cycle 60.

Representative electrochemical capacity and differen-
tial capacity curves in panel (d) provide additional in-
sight. The second cycle shows two processes in the
(de)lithiation curves, as expected for amorphous Si sys-
tems. 8153739 The two discharge/lithiation processes,
indicating lithiation of amorphous silicon (a—Si+xLi —
a—Li, Si and a—Li, Si+x'Li — a—Li . Si with x and



Capacity Loss, Slippage

(a)
[1‘] [30] [60]
Il L
T T T I T T
- Rk 2 10 20 301 40 50 60  Delithiation
~ endpoint
©
= 15| -
c
9]
2
o | |
o
°
O o5} E
Lithiation
0 ! ! T endpoint
0 2000 | 4000 A 6000] I 8000
Capacity / mAhg"' M1 [30] [60]
(b) 8000 - - - - - - 250 - - - - - ~ 4000
N e r———HTTII 0% B
- Az endpoint\ |||||||| o g
] e H| E - {3000 ‘é:
E A, . og 2
~ T —
> [ € 8
= 4000 1 w ~ {2000 o
S A Delithiation c @ ©
. o9 - = = o
o | endpoint ] — © 50% SoH
@© ®T 2 c
o = 2 =]
2000 - =0 11000 T
| —
- £
1 20%SoH 5
0 . . . . . . 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Cycle Index Cycle Index
Interval 1 Interval 2
(d)
Cycle 2 Cycle 20 Cycle 30 Cycle 40 Cycle 50 Cycle 60
2.0
{ Delithiate
1.0} | Lithiate
>
~
]
£ o1 . L . . . . . : . . .
g o 2000 0 2000 0 2000 0 2000 0 2000 0 2000
s, Capacity / mAhg"'
°
(8]
5 0 5 5 0 5 5 0 5 5 0 5 5 0 5

Differential Capacity dQdV-'/ mAhV-!

Figure 2: Electrochemical cycling of a Si/C/CMC composite electrode cycled against Li metal and plotted by (a) cell potential vs. capacity and
(b) capacity vs. cycle index 1-60. In (c) the slippage (axis left, unfilled points) is compared to the lithiation/discharge capacity (axis right, filled
points) for each cycle index. The slippage is approximated by three regions, indicated by linear fits. The lithiation endpoint slippage is defined
as the difference of the lithiation endpoints for incremental cycles and is a measure of irreversibly consumed Li* in the system per cycle. A;
and As indicate the total irreversible capacity between cycles 1-30 and 30-60, respectively. In (d) selected capacity and differential capacity
dQdV -1 curves for cycle 2-60 are presented, showing the detail of the lithiation/delithiation processes of the Si electrochemistry. Cycles 2-30
and 30-60 are labelled interval 1 and 2, respectively. Dashed lines indicate the initial potential of the electrochemical lithiation processes,

occurring at approximately 250 and 100 mV.

x’ having values of approximately 2.0 and 1.5 ),1%38

initially occur at approximately 250 mV and 100 mV.
Based on our previous work, 193839 the higher voltage
process (250 mV) corresponds to the initial lithiation
of amorphous Si and subsequent breaking apart of the
amorphous Si into large Si clusters by the Li insertion.
The lower voltage process (100 mV) corresponds to fur-
ther Li reaction with the increasingly smaller Si clus-
ters, e.g., Si-Si dimers, eventually resulting in only iso-
lated Si anions at approximately (Lis 5Si). Between cy-
cle 20 and cycle 30 the intensity of the high voltage (250
mV) peak in the differential capacity plots becomes less
pronounced and by cycle 40 is barely visible (indicated

by the top dashed line in panel d). Interestingly, the
decreased intensity of this high voltage process is seen
for both the lithiation and delithiation (discharge and
charge) showing that this change is symmetric.

The electrochemical profiles are approximated by two
intervals, cycles 2 — 30 (100 — 50% SoH) and cycles 30
- 60 (50 — 20% SoH). In the first interval, all the Si
lithiation processes are evident, and Li™ is irreversibly
consumed at a steady rate. In the second interval, the
Si lithiation processes are less evident, and less irre-
versible capacity is accumulated. The decreasing rate
of Lit being irreversibly consumed is correlated with a
decreasing amount of lithiation of the Si particles in the
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Figure 3: Electrochemical cycling of 6 coin cells with C SuperP powder electrodes cycled against Li metal. Capacities at constant currents of
10, 20, 50, 100, 200, and 500 mAg were compared for 50 cycles plotted in (a) cell potential vs. capacity (reset to O for each cycle) and (b)
discharge capacity vs. cycle index. The result of (a) shows that the increasing current density correlates with a decrease in the voltage, from
approximately 0.9 down to 0.6 V, of the first electrolyte decomposition process. The result of (b) shows that the increasing current density
correlates with a decreasing discharge capacity on the first cycle and stable capacity retention (in the absence of Si) from cycle 2 to 50.

system, and thus both the reduced volume expansion of
the electrode and the time the electrode spends at low
potentials.

Additional experiments were performed to explore the
cell failure further. In the first experiment (see Support-
ing Information, Figures S4 and S5), an electrode sam-
ple was cycled for 60 cycles at a constant current rate
of C/30 and then the current rate was reduced by a fac-
tor of 10 to C/300. The experiment showed a recovery
of lost lithiation capacity at the slow current rate and
the high voltage lithiation/delithiation processes reap-
peared. These results suggest that kinetics are a clear
factor contributing to the lithiation capacity fade. In
a second experiment, a cell was stopped at the lithia-
tion endpoint on cycle 60 and disassembled to confirm
that sufficient Li metal was available and that the sep-
arator was still soaked with electrolyte. Contributions
from surface effects on the Li metal to slippage and dis-
charge capacity loss cannot be ruled out, but they cause
slippage in the opposite direction.

To characterize the lithiation capacity relating to the
conductive C in the system, 6 C SuperP electrodes were
cycled against Li metal in coin cells with current densi-
ties from 10 to 500 mAg? (Figure 3). An initial lithi-
ation capacity up to ~600 mAhg™! was obtained at the
lowest current of 10 mAg™, dropping to ~400 mAhg™
at the highest current of 500 mAg™" (compared to C/30
and 119 mAhg-1 for the composite Si electrodes). The
decreasing potential of the pseudo plateau in the first
cycle is clearly a polarization effect. With a C SuperP:Si
1:1 mixture in the composite electrode system, approx-
imately 400 mAhg™ of the capacity in the first cycle is
attributed to the presence of C SuperP. An irreversible
capacity in the first cycle of almost 200 mAhg! (see
Supporting Information, Figure S3) is likely due to SEI
formation on conductive C surfaces. Note that this ap-
proximation does not take into account the effects of
the binder or electrode formulation. Clearly, the ex-
pansion of Si and the composite electrode formulation
would have an impact on the capacity retention relating
to the conductive C in the system. But in the absence
of Si, a stable lithiation capacity from the C-only elec-

trodes of approximately ~230 mAhg™! was measured.

SEI Growth Measured by ssNMR. With the
capacity loss observed by electrochemistry, the corre-
sponding SEI growth was monitored using ssNMR on
samples prepared at the delithiation point after cycle
1, 30, and 60. Quantitative signal intensities were ob-
tained by performing direct excitation 3C, 7Li, and
9F ssNMR experiments (Figure 4) for each of the *C-
labelled EC and DMC sample sets. Each of the samples
consist of 2—4 individual electrode samples, which were
combined for the ssNMR experiments; any minor varia-
tions between cycled electrode samples are therefore av-
eraged. The experimental data and analysis presented
here are supported by detailed analysis and additional
ssNMR spectra, available in the Supporting Informa-
tion: experiments with varying MAS rates confirm the
position of the ssNMR, spinning side bands (indicated
by asterisks in Figure 4), while control measurements on
the CMC binder and pristine electrode material confirm
the chemical shifts of carbon functional groups that are
attributed to the electrode material rather than to the
SEI.

19F ssNMR: The '"F ssNMR results show resonances
assigned to LiF (-204 ppm) and residual LiPFg (-73
ppm) in the system (Figure 4). In the cycle 1 and 30
13C-labelled EC samples, sharp resonances are seen at
-84 and -122 ppm. The -84 ppm resonance is assigned
to PO,F, species such as Li, POF,, these species being
formed by reactions with H,O and PF, decomposition
products of LiPF4.%0 The -122 ppm resonance has a
chemical shift in the range of SiOX,Fy, species,*! such
species having been detected on the surfaces of Si by
Philippe et al. using photoelectron spectroscopy.*? The
presence of F—C bonds, also resonating in this region
of the F spectra, were ruled out by YF-13C CP ex-
periments (see Supporting Information). The amount
of LiF (indicated by the integrated intensity of the -204
ppm peak) does not increase significantly after the first
cycle, suggesting that LiF is formed primarily in the
initial cycle. The amount of residual LiPFy salt varies
between the samples, with an increased amount of resid-
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Figure 4: Direct excitation 13C, 7Li, and °F ssNMR experiments of electrode samples prepared with (a) 3C EC (blue) and (b) 13C DMC
(purple) labelled electrolytes. Measurements were performed on electrode samples from coin cells cycled through 1, 30, and 60 electrochemical
cycles (approximately 100, 50, 20% SoH). Single pulse 3C and Hahn echo °F spectra were acquired on a 500 MHz spectrometer with 10
kHz and 25 kHz MAS rate, respectively. ’Li single pulse spectra were acquired on a 400 MHz spectrometer with 30 kHz MAS rate. 13C peak
assignments A—G are summarized in Table 1. Asterisks indicate spinning sidebands.

ual LiPF salt being seen after the first cycle in each of
the 13C-labelled EC and DMC sample sets. The results
are consistent with LiPF salt being trapped in the SEI,
the thickness of the SEI layer increasing during cycling.
An evolving pore structure may also trap more residual
electrolyte.

"Li ssNMR: The overall “Li signal intensity increases
with cycle number in both sample sets, the most pro-
nounced increase occurring in the first 30 cycles (Figure
4). After the first cycle, the broad "Li resonance is cen-
tred at approximately -1.0 ppm (the chemical shift of
LiF) and after subsequent cycles the resonance shifts to
approximately -0.5 ppm. The broad -0.5 ppm resonance
is assigned to Li salts including LiF (-1.0 ppm), Li,CO4
(0.0 ppm), ROCO,Li, LiPF; (-2.9 ppm), and possibly
Li,SiO, (1.2 ppm).*>*° The low resolution of the “Li
ssNMR spectra impedes accurate deconvolution of the
Li salt environments. However, these "Li assignments
are supported by the '?F and '3C ssNMR spectra which
have a much larger chemical shift dispersion.

13C' ssNMR: The growth of the organics of the SEI is
evident by the increasing signal intensities seen in the
spectra in Figure 4, between cycle 1 and cycle 30, the
13C resonances in each of the '*C-labelled EC and DMC
samples being labelled A—G. The organic SEI composi-
tion is further investigated by 2D 3C homonuclear (IN-
ADEQUATE) 23! ssNMR and cross polarization ss-
NMR experiments in Figures 5 and 6. Any residual
EC remaining in the electrodes is not observable in the
2D '3C INADEQUATE ssNMR experiment of Figure
5 as the CH, 3C nuclei are magnetically equivalent.
For each of the samples, similar environments are ob-
served in the carbonate and carboxyl region (A, B, C).
The overlapping resonances contributing to D/F and
E/G are characteristic of EC and DMC decomposition

products, respectively.2? The integrated signal intensity
between the 30 and 60 cycles is approximately equal,
with quantitative error arising from residual electrolyte,
and differences in the sample mass packed inside the ss-
NMR rotors. An additional error may arise from the
undesired removal of a small fraction of the SEI at the
surface of the electrode, which may adhere to the sepa-
rator instead of the electrode when they are physically
separated during battery disassembly. A deconvolution
analysis was performed for a more quantitative compari-
son (see Supporting Information, Table S1). To improve
accuracy, the Gaussian fits corresponding to resonances
C, D, and E, were excluded from the integrated sig-
nal intensity, thereby removing any error arising from
residual EC and DMC (the assignments are discussed
further, see Table 1). The ratios of the integrated signal

Table 1:  Summary of 13C ssNMR assignment of carbon function-
alities A—G in Figures 4—6. Specific R-groups are suggested where
possible. The assignments in Table 1 are based on our previous as-
signments. 23

Resonance I3C Shift/ppm Fragment

A: EC/DMC 179 RCO,Li,
HCO,Li/CH;CH,CO,Li

B: EC/DMC 170 Li,CO4

C: EC/DMC 160 ROCO,Li,
residual EC/DMC C=0

D: EC/DMC 67 ROCO,Li,
—-OCH,CH,0—
residual EC OCH,,

E: DMC 53 CH;0CO,Li
residual DMC OCHg4

F,: EC 30 RCH,R/

F,: EC 23 CH3;CH,R

F.: EC 14 CH3R

G.: DMC 30 RCH,R’

Gy,: DMC 23 CH;CH,R

G;: DMC 14 CH;R

intensities of the samples at cycle 60/cycle 30 of 1.2 and



1.1 were found for the '3C-labelled DMC and EC sam-
ples, respectively, indicating that while the majority of
SEI growth has already occurred by cycle 30 (50% SoH,
Figure 2-b) in these samples, there is a minor growth
of 10-20% of the organics in the SEI. This is noticeably
less than might be expected from the analysis of the
endpoint slippages A1/As (Figure 2-b) where an aver-
age ratio of 1.7-1.9 was found, which would translate
into an increase in the integrated signal intensities on
the order of 50-60% if all the irreversible capacity loss
would have resulted in the formation of a solid SEI. Fur-
thermore, no new chemical environments are detected
between 30 and 60 cycles, in any of the F, "Li, or
13C ssNMR spectra. The result suggests that additional
factors beyond SEI growth contribute to the endpoint
slippage. For example, soluble SEI products contained
in the electrolyte are not accounted for in the ssNMR
result here, the solubility of the SEI having been inves-
tigated by others.%® It is also worth noting that if the
SEI increasingly forms at the surface of the electrode,
then any error induced by SEI adhering to the separa-
tor would decrease the signal intensity of the cycle 60
sample more than the cycle 30 sample.

The large chemical shift dispersion of the *C spec-
tra allows for definitive assignment of the carbon func-
tional groups present in the 30 and 60 cycle samples.
The '3C NMR spectra strongly resemble that of our
previous study of the SEI composition of a binder-
free system after 1 cycle. The carboxyl resonance A
(179 ppm) indicates an RCO,Li environment. While
additional species cannot be ruled out, HCO,Li and
CH;CH,CO,Li represent the most likely species; the
presence of HCO,Li was confirmed by 'H NMR (see
Supporting Information, Figure S13). The carbonate
resonance B (170 ppm) is assigned to Li,C'O5 based on
its distinctive chemical shift. The distribution of car-
bonate environments giving rise to the peak labelled C
(160 ppm) includes ROCO,Li decomposition products,
and some minor contribution from the carbonate envi-
ronments of residual EC and DMC. The distribution
of sp® carbons contributing to resonance D (67 ppm)
are characteristic of ROCO,Li and —OCH,CH,0O—
oligomer environments, expected decomposition prod-
ucts of EC. Some minor contribution from residual EC
OCH, groups (67 ppm) also contribute to D. The res-
onance labelled E is assigned to CH;0CO,Li, lithium
methyl carbonate (LMC), with some minor contribu-
tion from residual DMC OCH, groups. The resonances
labelled F and G (0-50 ppm) have chemical shifts char-
acteristic of CH; and CH, environments which are not
adjacent to O atoms. Furthermore, the very broad line
shape of resonances F and G are a clear signature of
amorphous/disordered environments. The distribution
of environments are approximately described by three
representative shifts of 30, 23, and 14 ppm (labelled
by subscripts x, y, z in Figures 5-b and 6-ii). In pre-
vious work, we explored chemical shift trends of ex-
pected SEI molecules using DFT calculations. 23 Based
on our initial NMR chemical shift map of the organ-

(a B F

* 1D 'H-13C CP

50

250
Double-Quantum *C shift / ppm

TTTT T T T T T[T T T T[T T T T TTTT T TTTT
150

TT T T T T T[T T T T[T T T T[T T T T[T T 1T 1T1T
200 100
(b) D F

40

60

Double-Quantum *C shift / ppm

-OCH,-CH, ‘
e (@ 8
| |
,,,,,,,,, - Q -OCH,-CH,
fffffff (2)~"0CH,-CH, 8
1 I 1 1 1 I 1 1 1 I 1
40 20 0

(c) ad

7\ 1mwecer

110

120

140

150

TT [T T T T [T T T T[T T T T[T T T T [TT
130
Double-Quantum *C shift / ppm

TT T T[T T T T[T T T T[T T T T [ TTTT
80 70 60 50

Single-Quantum 3C shift/ ppm

Figure 5: 13¢C DQ/SQ homonuclear correlation ssNMR experiment
performed on the 30 cycle sample prepared with 13C-labelled EC
electrolyte. The correlations in the J-based H-13C CP refocused
INADEQUATE experiment show the pairs of resonances which are
bonded. See Supporting Information for views of the spectra with
lower contour levels. Asterisks indicate spinning sidebands.

ics in the SEI we expect CH3R environments, present
in SEI molecules such as RCO,Li, to resonate at lower
chemical shifts of approximately 15 ppm. CH;CH,R
environments are expected to resonate at higher shifts
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Figure 6: ssNMR !H-13C cross polarization and dephasing experiments of electrode samples prepared with (a, left) 13C EC and (b, right)
13C DMC labelled electrolytes. When delay times are varied in the experiment, different C functional groups can be identified based on their
attenuation rates. In (a-i, b-i) CP contact times in the experiments were varied and in (ii-a, ii-b) dephasing times were varied. See Supporting
Information for ssNMR pulse sequence details. Increasing CP contact times of (a-i) 100, 500, 1000, 3000 ps and (b-i) 100, 500, 3000 ps
correlate with increasing carbonate and carboxyl signal intensities. Using a fixed CP contact time of 500 ps, increasing dephasing times of (a-ii)
0, 10, 15, 40 ps and (b-ii) 0, 15, 20, 30 ps correlate with decreasing signal intensities of proton-bonded carbons. Asterisks indicate spinning

sidebands.

of approximately 20 ppm. R7QH2R environments,
present in molecules such as lithium butylene dicarbon-
ate (LBDC), are expected to resonate at higher shifts
of approximately 25-30 ppm. However, we note many
molecules or fragments may form and contribute to the
signal in this region.

SEI Organic Composition, 1°C ssNMR: The region
of the ssNMR spectra of resonances D—-G are of interest
in determining the length and composition of the alkyl
chains of the SEI organics. These environments were
examined using a 2D 3C homonuclear experiment (IN-
ADEQUATE). 283! This experiment shows correlations
between directly bonded '3C resonances with different
chemical shifts and excludes all non-bonded '3C res-
onances. The result of the experiment performed on
the 30-cycle '3C-labelled EC sample is shown in Fig-
ure 5. With the CH, groups of EC being magnetically
equivalent, any detection of residual EC is excluded.
The complementary 2D ssNMR experiment performed
on the '3C-labelled DMC sample is contained in the
Supporting Information, Figure S8.

Figure 5 panel (a) shows the overall spectrum show-
ing correlations involving OCH, (resonance D) and
CH,/CH, (resonance F) groups. Panel (b) shows an
expansion of part of the spectrum, more clearly show-
ing these D-F correlations. While many correlations
might be expected, only the unambiguous correlations
are labelled. These correlations correspond to OCH,
resonances D bonded with F, (CH,, 30 ppm), F, (CH,,
23 ppm), and F, (CHj, 14 ppm). An additional CHy

correlation is also seen at 10 ppm and based on its
double-quantum frequency is expected to correlate with
a CH, group (23 ppm), (indicated by a dashed line and
“X”). The lack of signal in the 23 ppm (CH,) region
is tentatively ascribed to the faster dephasing and sub-
sequent signal loss during the ssNMR pulse sequence
of a CH, group vs. a CHj; group. These bonded en-
vironments are present in SEI decomposition products
such as LBDC, RCO,Li, and lithium ethylene carbonate
(LEC). The detection of these correlations is limited by
the inherent sensitivity of the experiment and additional
correlations are likely to be present: views of panels (a)
and (b) with lower contour levels are presented in the
Supporting Information, Figure S9, showing these ad-
ditional correlations. Panel (c) is an expansion of the
resonance D region, showing correlations between differ-
ent CH,O groups. The correlations clearly indicate at
least two —OCH,CH,0O— fragments corresponding to
C pairs within different molecules or within the same
molecule, separated from the rest of the alkyl chain
by an O. These fragments are contained in PEO-type
oligomers, and lithium alkyl carbonates.

The nature of the different environments were more
rigorously investigated using 'H-3C cross polarization
(CP) ssNMR experiments (Figure 6), with the signal
intensity in these experiments depending on molecular
dynamics, mobility, and spatial proximity of 'H and '3C
nuclei. In one set of experiments (a-i, b-i) the CP con-
tact time in the experiment was varied, showing an in-
creasing signal intensity in the carbonate and carboxyl



region of the spectra (resonances A, B, C) with increas-
ing CP contact time (see inset, left). In contrast, the
environments labelled D and E begin to attenuate in the
experiment, due to signal loss during the longer CP con-
tact times (due to shorter dephasing times of the spin-
locked magnetization in the CP pulse sequence, defined
by the NMR parameter T,). The maximum signal in-
tensity of D and E are observed at 500 ps. By 3000
ps the signal intensities of D are attenuated to approx-
imately 50% of the signal intensity maximum, and the
overlapping resonances labelled E is attenuated to ap-
proximately 75% of the signal intensity maximum. This
observed behaviour is characteristic of CH, and CH,4
environments, respectively. Overlapping resonances la-
belled F and G also show some minor attenuation.

In a second set of experiments (a-ii, b-ii) a delay
was introduced, following the cross polarization step in
the experiment, to perform a dipolar dephasing (inter-
rupted decoupling) experiment (see Supporting Infor-
mation for experimental details). This experiment al-
lows protonated and non-protonated environments to
be differentiated, the signal intensities of the CH and
CH, groups attenuating more rapidly in comparison to
the signals from non-protonated carbon. Mobility of the
CH,, environments is also probed, with rigid CH/CH,
environments attenuating more rapidly than signal from
mobile species such as rotating CH; methyl groups (due
to a reduced dipolar coupling). Note that the dephas-
ing times differ slightly between the two samples (a,
b) and that the broad resonances F and G are visu-
ally skewed by the overlapping dephasing of D and E
(in each of a-ii, b-ii). The carboxyl and carbonate res-
onances A, B, C, which do not have directly bonded
protons, are not attenuated in the experiment (see in-
set, left). In contrast, the overlapping resonances of
D show a pronounced attenuation with increasing de-
phasing times in each of the experiments, characteristic
of CH, functional groups (see inset, right): by 15 ps
dephasing delay in each of the samples, D is attenu-
ated to approximately 50% of its maximum signal in-
tensity. Resonance E shows less rapid attenuation than
D, characteristic of CHy functional groups, dropping to
only approximately 80% of its maximum signal inten-
sity following a 15 pis dephasing delay in the *C-labelled
DMC sample. Additionally, the dephasing experiments
confirm multiple environments in the 0-50 ppm range.
Within the broad resonances F and G, the environments
with higher chemical shifts, F, /G, (30 ppm), attenu-
ate the most rapidly, characteristic of CH, functional
groups (marginally slower than D). The environments
with a lower chemical shift, F,/G, (14 ppm) attenu-
ate the least rapidly, characteristic of CH5 functional
groups (comparable to E). Covalent bonding with the
C functional groups seen in the dephasing experiment
were confirmed in the '*C homonuclear correlation ss-
NMR experiment (Figure 5).

Surface & Pore Structure Analysis. Analysis of
the electrode surfaces before and after cycling shows ev-
idence of mechanical failure, with electrode cracking of

the films being seen at different length scales, from ~100
pm down to ~1 pm, Figure 7. The cracking is likely due
to the large Si expansion and contraction during cycling.

(a) PRISTINE

(b) cycLED

Figure 7: SEM micro images of a (a) pristine uncycled electrode and

b led electrod le, after 60 electrochemical cycles. .
( )S%S views of FIB ¢ross sections show tho gﬁanglng

pore structure of the electrode after electrochemical cy-
cling, Figure 8. The initial structure of the pristine
electrode, before cycling and assembly, has a relatively
low density, with roughly spherical pores, starting in
size from a few tens of nm, between Si and C particles,
panel (a). After one electrochemical cycle, panel (b),
the electrode displays a higher density due to some ag-
gregation of particles into larger solid structures; fewer
small, spherical pores are observed, and larger voids
dominate the overall pore morphology. A control ex-
periment confirmed no structural change was caused by
the residual electrolyte and assembly into a coin cell;
see the Supporting Information for a comparison of an
electrode sample that was assembled and wet with elec-
trolyte, compared to the pristine electrode sample that
was neither assembled nor wet with electrolyte. By 30
and 60 cycles, panels (c) and (d), the electrode has a
much higher density, with further agglomeration of par-
ticles. Some very large voids, up to several hundreds of
microns, are still visible, but the overall structure is con-
siderably more compact than in the pristine case. The
60 cycle sample shows some larger voids than the 30
cycle sample and evidence of more pore clogging. How-
ever, the overall microstructure of the 30- and 60-cycle
samples are very similar within the error and sampling
statistics of the experiments. The similar pore struc-
tures observed by FIB/SEM for the 30- and 60-cycle
samples are in agreement with the ssNMR results, which
detect similar quantities of SEI on the same interval.
The electrode sample at cycle 60 was examined at
higher resolution. An analysis region is indicated in
panel (e), centred on a large void in the electrode sam-
ple, which may have formed due to a gas bubble formed
during the electrode preparation. The void allows for
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Figure 8: (a—d) SEM micro images of FIB cross sections, showing the pore structure of the electrodes after 0, 1, 30, and 60 electrochemical
cycles. (e) Analysis region for (f, g, h). High magnification views of an electrode after cycle 60 (20% SoH) shows evidence of SEI growth on

the C and Si particle surfaces of the electrode.

views in panels (f-h) of the complex pore structure
formed by Si and C particles, with distance from the
FIB cut and away from any possible damage from the
FIB process. Examining the high resolution images
closely, lighter contrast regions are observed on some
of the particle agglomerates, which have approximately
100 nm thickness (see panel h). With the growth of the
SEI already detected by ssNMR (Figures 4, 5, 6), these
lighter contrast regions likely indicate SEI on particle
surfaces.

Discussion

An irreversible capacity of 760 mAhg! was measured
by electrochemistry in the first cycle, which corresponds
to approximately 10% of the overall endpoint slippage
accumulated following 60 cycles (Figure 2-a, b). This
loss was correlated with the formation of inorganic SEI
decomposition products including LiF (from °F and
"Li ssNMR) (Figure 4); only negligible quantities of or-
ganic species, associated with residual DMC and EC
and their decomposition products, were detected using
13C ssNMR. Li,CO4 was not detected by *C ssNMR
in either of the '3C-labelled samples, indicating that if
present, it was below the detection limit of the experi-
ment. The results are in stark contrast to the binder-
free electrode system, where more significant organic
SEI formation after the first cycle was seen,?? indicating
that the CMC binder in the composite system inhibits
organic SEI formation and capacity loss. On the basis
of the electrochemistry of the conductive C (Figure 3),
some of the irreversible capacity loss of the first cycle
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of the Si composite electrode is ascribed to SEI growth
on the surfaces of the conductive C particles, where a
current rate dependent lithiation capacity loss of ap-
proximately 200-300 mAhg™ was observed. The result
implies that different electrode formulations, with vary-
ing ratios of conductive C to active material, may result
in some variation in irreversible capacity loss and SEI
formation.

In interval 1, we observed a rapidly declining slip-
page rate from cycle index 1-3 followed by a steady
rate of slippage from cycle index 4-30 (Figure 2-c).
The two characteristic electrochemical signatures for
a—Li Si and a—Li. +x,)Si phase formations (with x and

x’ having values of approximately 2.0 and 1.5),38 ini-
tially occurring at 250 and 100 mV, were clearly seen
in the differential capacity curves (Figure 2-d). The
first process is associated with the break-up of the a-
Si network, to form larger clusters, while the second
involves the formation of small clusters such as Si-Si
dimers and eventual isolated Si anions.?® With Li be-
ing accommodated in the structure of Si, repeated Si-
particle expansion and contraction occur during each
cycle, illustrated schematically in Figure 9-a.17 The ex-
pansion likely results in cracking in the SEI formed on
the Si particle surfaces resulting in (i) additional Li* ion
diffusion pathways to access the Si particles, in addition
to the diffusion pathways through the SEI, and (ii) fresh
surfaces for SEI formation (see Figure 9-a, left). The
SEI growth in this interval was monitored by ssNMR
and FIB/SEM (Figures 4 and 8). Using "Li ssNMR we
confirmed an increasing quantity of Li salts (see Figure



9-a, right). These Li-environments included LiF (de-
tected by "Li/!F ssNMR), Li,CO,, HCO,Li, RCO,Li,
and ROCO,Li (detected by “Li/*3C ssNMR). The 3C
results clearly demonstrated that the SEI growth was
largely due to the decomposition of the organic elec-
trolytes (EC and DMC). Ounly a minor increase in the
amount of LiF in the SEI was observed, showing neg-
ligible decomposition of LiPFy and resulting reactions
forming LiF. The result is in agreement with a previous
ssNMR study of a Si composite electrode Li-ion system
that also detected negligible increases in the quantity
of LiF over multiple cycles.*” The FIB/SEM analysis
(Figure 8) showed surface layers on the C and Si par-
ticles which were attributed to SEI formation based on
the chemical information from the ssNMR. An increased
electrode density was attributed to particle agglomera-
tion and SEI build-up within the bulk of the electrode.

The chemical composition of the SEI organics was
investigated in detail for the 30 cycle samples, the com-
position dictating SEI elasticity (and therefore growth)
and LiT ion transport from the electrolyte to the Si
particles. By 3C ssNMR correlation and CP experi-
ments (Figures 5 and 6), we confirmed our assignment
of specific resonances to organic oligomer fragments and
aliphatic groups in disordered /amorphous environments
in the SEI. These environments gave rise to broad reso-
nances from functional groups such as RCH2R7, CH3R,
and CH;CH,R products that arise from radical (includ-
ing proton abstraction) reactions of the initial EC and
DMC decomposition products. Our previous study of
the first lithiation reaction,?? suggested that these re-
actions occur at lower voltages (<250 mV). Correla-
tion ssNMR experiments in this study (Figure 5-b) con-
firmed chemical bonding between these aliphatic func-
tional groups and CH,O groups in the 3C-labelled EC
sample, providing strong evidence for the presence of
SEI molecules such as LBDC, LEC, and RCO,Li. In ad-
dition, at least two different —OCH,CH,O— fragments
contained in oligomers and/or ROCO,Li salts were ob-
served (Figure 5-¢). Analogous ssNMR experiments on
the C-labelled DMC sample supported the presence
of LMC. Similar organic environments were detected in
our previous study of a binder-free C/Si electrode,??
indicating strong similarities between the SEI compo-
sition of 1-cycle binder-free electrodes and the multi-
cycled composite electrodes investigated in this study.
Of note, the thicker SEI formed here resulted in in-
creased overall 13C ssNMR signal intensity, improving
the sensitivity of the NMR experiment, allowing, for ex-
ample, the length and composition of the alkyl chains
of the SEI organics (Figures 5 and 6) to be analyzed by
investigating correlations in the 0-70 ppm region of the
13C ssNMR spectra. These 13C correlation experiments
are not practicable on samples with insufficient SEI or
with samples prepared with natural abundance '3C elec-
trolytes. Note that even under the current conditions,
the experiments still required 321 hours of continuous
acquisition on a high field NMR instrument, empha-
sizing the challenges in characterizing these nano-scale
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thick interfaces. Interestingly, LIOH was detected in the
multi-cycled composite electrode system here (see Sup-
porting Information) compared to our previous study
of a binder-free electrode system where no LiOH was
detected.?? The most likely explanation for this is that
the CMC binder is difficult to dry completely, introduc-
ing trace water into the pristine electrode system. The
experimental results here confirm the types of organics
contained in the SEI, the decomposition mechanisms of
EC and DMC being proposed and debated in the lit-
erature. 3:6:21,40,48-53 Fyurthermore, the results provide a
baseline for which to explore ways to enhance SEI prop-
erties and stabilize its growth in the early stages of cy-
cling. Future work will incorporate electrolyte additives
to investigate experimentally why additives improve ca-
pacity retention in these systems.

On interval 2 (from cycle 30 to 60), we observed a de-
clining rate of slippage (see Figure 2-c), compared with
a steady slippage rate on interval 1. To a first approxi-
mation, the SEI thickness had stabilized, a quantitative
analysis of the *C ssNMR signal intensities showing
evidence for only a minor increase of approximately 10-
20%. The FIB/SEM (Figures 4 and 8) results indicated
only minor differences between the morphologies of the
cycle 30 and cycle 60 electrodes, the results suggesting
some evidence for the presence of fewer smaller pores in
the cycle 60 sample compared with the cycle 30 sam-
ple. The smaller lithiation capacity of the electrodes in
interval 2 results in significantly reduced expansion and
contraction of the electrodes during cycling, leading to
less crack formation in the SEI, the creation of fewer new
Li* ion diffusion pathways through the SEI, and fresh
Li, Si surfaces. We therefore ascribe the negligible SEI
growth during interval 2, and declining slippage rate,
at least in part to this reduced expansion/contraction.
Nonetheless, the electrode lithiation capacity continues
to decrease. Since the amount of available Li metal in
the half cell is large (approximately 23 mg) compared
to the Li consumed irreversibly, the consumption of Li
metal is not a clear factor in the cell failure. The avail-
ability of sufficient Li metal was experimentally con-
firmed, see Supporting Information. However, the pres-
ence of side reactions on the Li metal counter electrode
have not been accounted for in our analysis. Mechanical
failure in the electrodes is clearly evident, with crack-
ing through the electrode structure observed by SEM
(Figure 7), which may result in electrically inactive ar-
eas of the electrode. However, a pronounced growth in
the quantity of trapped Li silicides in interval 2 is not
evident in our quantitative "Li ssNMR results, trapped
Li silicides leading to a larger increase in the signal in-
tensity. Interestingly, of the two characteristic a—Li, Si
and and aL—Li(X +X,)Si processes of amorphous Si, a large
drop in capacity is seen for the higher voltage process,
initially occurring at 250 mV, in interval 2 (Figure 2-
¢). This reduced capacity is seen for both lithiation and
delithiation (discharge and charge), indicating that the
change in the electrochemistry was symmetric.

The increase in signal intensities measured by ssNMR
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is noticeably smaller than predicted on the basis of the
endpoint slippages A1/As (see Figure 2-a, b), assuming
all the slippage is due to inorganic or organic SEI forma-
tion. Furthermore, no new chemical environments are
detected between 30 and 60 cycles, in any of the ssNMR
spectra. This suggests that additional factors beyond
SEI growth contribute to the endpoint slippage. For
example, soluble SEI products contained in the elec-
trolyte*® have not been accounted for in this ssNMR
study.

In contrast with the voltage limited cycling used in
this study, two key studies that have investigated the
role that SEI formation plays in capacity loss have used
capacity limited cycling.'®'4 In capacity limited cy-
cling, the low voltage limit steadily decreases on cy-
cling, as Li is consumed in the formation of the SEI
(and in other irreversible processes), while the discharge
capacity in each cycle is held constant. Generally, fol-
lowing the seminal paper by Obvrovac,!® the capacity
limited cycling is thought to occur via the reaction of
Li with the outer shell of the crystalline Si particles,
resulting in an outer amorphous Si shell and a crys-
talline core. Eventually, as the voltage limit decreases
on cycling, all of the crystalline Si core is lithiated. At
this point, rapid cell failure occurs. For example, Rad-
vanyi et al.'3 showed a rapid failure process after ap-
proximately 50 electrochemical cycles with a capacity
of 1200 mAhg™!; this occurred when the cell lower volt-
age limit had dropped from its initial value of 200 mV
in the 1st cycle to 30 mV. Similarly, Oumellal et al.,'*
also observed a rapid failure process at the cycle in-
dex of approximately 90 cycles when their voltage limit
dropped from 100 mV to 5 mV (initially cycling near
100 mV due to their capacity limit of 1200 mAhg™).
The exact failure mechanisms seen under this cycling
regime may differ somewhat than the mechanisms rele-
vant to our study because the mechanical stresses, and
the time spent at low potentials differ: (i) the stresses
associated with the lithiation of the crystalline core in
the capacity limited cycling are very different than the
lithiation of the more homogeneous amorphous silicon
particles in the voltage limited cycling in this study, (ii)
we have shown that different degradation processes and
different SEI products form on cycling down to the low
voltage limit.?? Despite these differences, reduced Li*
ion diffusion through the electrode and through the SEI
appears to be a failure mode when using both methods.
Oumellal et al. '* present a model where SEI build-up in
the pores of the electrode increase the tortuosity of the
electrode. Radvanyi et al. present a model for failure
that shows a Li™ ion concentration gradient across the
electrode, where the electrode is preferentially lithiated
at the top of the electrode, next to the separator (i.e.,
the reaction is limited by the flux of Lit ions), due to
the lithium transport being impeded through the bulk
of the electrode. '

An extension to these Si electrode failure models is
presented in Figure 9. SEI growth on particle surfaces
due to the large volume expansion associated with Si-
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particle lithiation is captured schematically in Figure
9-a.1” Delamination of the SEI into the pores of the elec-
trode, coupled with the mechanical stresses and particle
agglomeration, result in the increased electrode density
confirmed by FIB/SEM. In the early stages of cycling,
Lit ions can access the entire porous electrode struc-
ture, described in Figure 9-b, left. Consequently, the
capacity associated with both the characteristic a—Li, Si
and a—Li(X +x,)Si processes is achieved, and continuous
volume expansion and contraction result in pronounced
SEI growth, which we confirmed by ssNMR (Figure 4).
The dense electrode structure and increased tortuosity
seen at later stages of cycling likely impedes Li™ ion
diffusion through the bulk of the electrode, described
schematically in Figure 9-b, right. In this end fail-
ure mode, the decreasing capacity associated with the
higher voltage Li, Si (250 mV) process, Figure 9-c, cou-
pled with the SEI stabilization confirmed by ssNMR
and FIB/SEM, strongly support a model where Lit
ion diffusion is limited to surface regions of the elec-
trode. These accessible surface regions are likely lo-
cated near the electrolyte saturated separator and/or
to surface regions of the large voids that may still be
accessible deeper inside the electrode, nearer to the cur-
rent collector. In this surface-limited diffusion model,
the reaction will still occur sequentially, first via the
higher voltage (250 mV) process, breaking apart the
a—>Si network to form a—Li, Si. It is then kinetically
more facile for the lithium ions to continue to react
with the a—Li, Si network to form a—Li(XJrX,)Si7 than

for the Li* ions to diffuse further into the electrode.
This will result in a front of a—Li(x+X,)Si that moves
through the electrode, from the separator to the cur-
rent collector, and from the surface of the agglomerated
particles into the center. Furthermore, it will be as-
sociated with the electrochemical signature of the 274
process. This has analogies with the 1% lithiation of
crystalline Si, where the reaction proceeds at approx-
imately 100 mV to form a mixture of small Si dimers
and isolated Si.!® The large volume expansion associ-
ated with this a—Li(X er,)Si phase formation is expected

to further impede Lit ion diffusion through the bulk
of the electrode (see Figure 9-b, right, bottom). Inac-
cessible Si results in further lithiation capacity loss and
decreased volume expansion of the electrode. The de-
creased volume expansion would then reduce the SEI
cracking and number of fresh surfaces for which to
form more SEI, in agreement with the decreased SEI
growth detected on interval 2 by ssNMR. By cycle 60,
the higher voltage (a—1i, Si, 250 mV) Si process is ab-
sent, indicating that the thickness of the surface layer
and amount of accessible Si continues to decrease in the
end-failure mode. The relationship between Li* ion dif-
fusion concentration gradients, electrode porosity, and
tortuosity, are well-known; for example, we have previ-
ously investigated inhomogeneous electrochemical reac-
tions through porous LiFePO, electrodes using in situ
energy-dispersive X-ray diffraction.®* In the study, sim-



ulations showed that reducing electrode porosity from
35% to 15%, resulted in Li* ion concentration gradients
(Li fraction/mm) that increased by a factor of approx-
imately 2-3, depending on active material particle size
distributions. These concentration gradients then re-
sulted in inhomogeneous particle reactions across the
electrode. With the porosity of the Si electrodes in this
study dramatically decreasing during repeated cycling,
Li* ion concentration gradients are reasonably expected
to have a significant impact on the kinetics of the sys-
tem.

Conclusions

Si electrode failure was investigated by cycling
Si/CMC/C composite Si electrodes at their full capac-
ity, between the voltage potential limits of 1 mV and 2
V, at a constant current rate. The SEI growth, formed
from the reduction of a standard 1M LiPF4 in EC/DMC
electrolyte, was directly measured and quantified using
“Li, '9F, and '3C ssNMR. The accumulation of the
SEI in the pores of the electrode was demonstrated
by FIB/SEM. In the first cycle, the SEI composition
was dominated by inorganic decomposition products,
including LiF and additional Li salts. After the lithi-
ation capacity had dropped to only 50% of its initial
value, the bulk of the SEI growth had already occurred
and significant quantities of organic SEI decomposition
products were detected. Using '3C ssNMR correla-
tion experiments, we showed definitive evidence for at
least two different —OCH,CH,O— fragments, present
in ROCO,Li and oligomeric species. Chemical bonds
between CH,O and functional groups CH3R, RCH2R7,
and CH;CH,R were confirmed, showing strong evi-
dence for the presence of LEC, LBDC, and RCO,Li
SEI decomposition products. The presence of HCO,Li,
Li,CO4, and LMC, were also confirmed. Interestingly,
subsequent cycling and degradation, down to a 20%
lithiation capacity of the electrode, was not correlated
with significant SEI growth or a significant evolution
in the chemical composition. Furthermore, no clear
electrode structure changes were evident by FIB/SEM.
The decreasing rate of lithiation endpoint slippage cor-
relates with less Si being lithiated and delithiated at
later stages of cycling. Also evident by the electrochem-
ical curves, the kinetics for a-Si particle lithiation had
evolved.

Our results support a model for lithiation capacity
loss that can be roughly approximated into two stages.
In the first stage, the capacity loss is correlated with a
growth in the SEI and increasing electrode tortuosity.
The increased electrode density observed by FIB/SEM
was ascribed to a combination of SEI formation on the
Si particles, particle agglomeration, and SEI exfolia-
tion from particle surfaces filling the pores of the elec-
trode. In the second stage, the decreasing lithiation
capacity is attributed to kinetics. The results support
a model where Li* ion diffusion is severely limited by
the increased electrode tortuosity through the bulk of
the electrode. Surface-limited diffusion is reflected in
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the electrochemistry, which shows a steadily decreasing
measured capacity from the process typically associated
with Li, Si (x~2.0) formation.
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