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Silicon-graphite electrodes usually experience an increase in cycling performance by the addition of graphite, however, the relation
of the silicon/graphite ratio and the aging mechanisms of the individual electrode and electrolyte compounds still requires a
more fundamental understanding. In this study, we present a comprehensive approach to understand and quantify the degradation
phenomena in silicon-graphite electrodes with silicon contents between 20-60 wt%. By evaluating the cycling performance and total
irreversible capacity of silicon-graphite electrodes vs. capacitively oversized LiFePOy electrodes in presence of a fluoroethylene
carbonate (FEC)-containing electrolyte, we demonstrate that the aging of silicon-based electrodes can be distinguished into two
distinct phenomena, which we describe as silicon particle degradation and electrode degradation. Cross-sectional scanning electron
microscopy (SEM) images and a detailed analysis of the electrode polarization upon cycling complement our discussion. Further,
we deploy post-mortem 'F-NMR spectroscopy to (i) quantify to loss of moles of FEC in the electrolyte and correlate this with
the amount of charge that was exchanged by the silicon-graphite electrodes, (ii) estimate the pore volume of the silicon-graphite
electrodes that is occupied by FEC decomposition products, and (iii) derive implications for the relation of the electrolyte volume
and cycle life of commercial silicon-based Li-ion batteries.
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Silicon-based electrodes are very promising candidates to enable
the next generation of Li-ion batteries with energy densities on the cell
level beyond 350 Wh kg~!."2 In contrast to conventional intercalation
anode materials, such as graphite (LiCg, 372 mAh g~!, 890 Ah L),
the specific capacity of silicon alloy electrodes is significantly higher
(Li;5Sis, 3579 mAh g~ !, 2194 Ah L").> Nonetheless, commercial-
ization of silicon-based electrodes is still hampered because of two
major challenges:*

(i) Large volume expansions up to 280% upon repeated
(de-)lithiation of silicon particles deteriorate the electrode integrity,
thus causing isolation of active material.>” The formerly reported pul-
verization of micron-sized silicon particles due to mechanical stress
upon repeated volume expansion has been partially solved by using
nanometer-sized particles. However, reduction of the silicon particle
size also leads to inferior electronic conduction due to more numerous
interparticle contacts, and higher solid-electrolyte-interphase (SEI)
losses due to the larger relative surface area.’~!°

(i1) Continuous side reactions at the silicon/electrolyte interface
caused by repeated volume expansion and contraction result in ongo-
ing electrolyte decomposition and in a gradual loss of active lithium.®
In the course of this, SEI-forming additives in the electrolyte, e.g.,
FEC, are depleted, which was shown to result in a significant increase
in cell polarization and a concomitant rapid capacity drop.3!!

Various strategies have been proposed to overcome the detrimen-
tal effects associated with the volume expansion during (de-)lithiation
of silicon and to reduce concomitant irreversible capacity losses, in-
cluding preparation of silicon thin-films with a significantly reduced
silicon/electrolyte interface,>!>"'* Si-Al-Fe active/inactive alloy elec-
trodes that reduce the volume expansion of the active phase,>'>!® and
design of nanostructured silicon materials with carbonaceous com-
pounds, such as graphite, to improve the electrical conductivity within
the electrode and to better accommodate the volume expansion of
silicon.'”?" Although the surface area per capacity usually increases
for nanostructured silicon materials with decreasing diameter,?' which
leads to a higher first cycle irreversible capacity loss, silicon nanowires
offer the advantage of a smaller relative surface area change upon
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(de-)lithiation and in addition usually reveal less morphological
changes, due to a reduced mechanical stress within the materials.??
Therefore, irreversible capacity losses upon cycling are expected to
be lower compared to conventional nanoparticles.

Further studies on the degradation mechanisms of silicon-based
electrodes were performed with respect to the actual conditions in
commercial Li-ion batteries. While some research groups, includ-
ing those from Obrovac,'”> Guyomard,?>** and Abraham,>?’ already
reported studies on full-cell configurations, the majority of the aca-
demic literature still refers to half-cell measurements, using lithium
metal counter electrodes and an excess of electrolyte. However, side
reactions at the lithium metal/electrolyte interface and the usually 10
times larger amount of electrolyte (i.e. >50 WL cm~?2 instead of 5 WL
cm~? in commercial cells)'! make it difficult to evaluate the degra-
dation phenomena occurring at the silicon-based electrode, including
the loss of active lithium and depletion of the electrolyte.?8-0

In this study, we present a comprehensive approach to understand
the degradation mechanisms in silicon-graphite electrodes. Hence,
we prepare silicon-graphite electrodes with practical areal capaci-
ties between 1.8 and 2.3 mAh cm~2, composed of physical mixtures
of different silicon/graphite active material ratios, with silicon con-
tents between 20-60 wt%.’! By use of cyclic voltammetry, we in-
vestigate the electrochemical (de-)lithiation of silicon and graphite
as a function of the active material ratio. To evaluate the electrode
degradation upon cycling, we introduce pseudo-full cells, compris-
ing silicon-graphite negative electrodes and capacitively oversized
LiFePO, positive electrodes. This cell configuration offers several
advantages over practical full-cells, namely: (i) a stable reference po-
tential of 3.45 V vs. Li/Li* to monitor the silicon-graphite potential in
a two-electrode coin-cell configuration, and (ii) to provide a defined
lithium reservoir, which allows to investigate exclusively the degra-
dation of the silicon-graphite electrode without an additional capacity
loss due to the depletion of cyclable lithium. While these conditions
would also be satisfied by a lithium metal electrode, the third reason is
(iii) to minimize side reactions of the electrolyte at the positive elec-
trode (here: LiFePO,), which would alter the electrolyte (and FEC)
decomposition and thus influence its quantification. As electrolyte
we use 1 M LiPFg in EC:EMC (LP57) with 5 wt% of the widely
used fluoroethylene carbonate (FEC) as additive, which is known to
significantly improve the cycling stability of the silicon-graphite
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Scheme 1. Silicon-graphite electrode compositions (in wt%) that were inves-
tigated in this study.

electrode.’” We also added a comparably large amount of electrolyte
to the coin cells (130 L or 84 wL cm~2; ~15 times larger compared
to large-scale cells), because it allows for a more precise quantification
of the FEC consumption via "F-NMR.!! From the analysis of the dif-
ferential capacity curves and the electrode polarization upon cycling,
we deconvolute the different degradation mechanisms arising from
silicon-graphite electrodes. In addition, we evaluate the consump-
tion of FEC as primary source for electrolyte decomposition through
YF-NMR analysis of the electrolyte harvested from coin-cells
after 120 cycles. Finally, we discuss the implications of these results on
commercial Li-ion batteries with silicon-based electrodes by estimat-
ing the volume of the electrolyte decomposition products and forecast-
ing cycle lifetimes, taking into account practical electrolyte amounts.

Experimental

Electrode preparation.—Silicon-graphite (SiG) electrodes, con-
sisting of silicon nanoparticles (~200 nm, silicon, Wacker Chemie
AG, Germany) and graphite (~20 wm, T311, SGL Carbon GmbH,
Germany), were prepared through an aqueous ink procedure. Hence,
silicon and graphite were thoroughly mixed with vapor grown carbon
fibers (VCGF-H, Showa Denko, Japan) and lithium poly(acrylate)
(LiPAA, MW = 250,000 g mol~!, Sigma-Aldrich, Germany) in a
planetary ball mill (Pulverisette 7, Fritsch, Germany) with ZrO, balls
(10 mm diameter) under stepwise addition of 18 M cm Milli-Pore
water (final solid content ~30 wt%). The resulting ink was cast onto
Cu-foil (thickness 25 pm, Goodfellow, USA), using a gap bar coater
(RK PrintCoat Instruments, UK). Electrode discs of 14 mm in diame-
ter were punched out and were subsequently dried in a Biichi oven for
at least 12 h at 100°C, before being transferred into an Ar atmosphere
MBraun glove box (H,O and O, concentration <0.1 ppm) without ex-
posure to air. The areal capacity of the resulting SiG electrodes ranged
from 1.8 to 2.3 mAh cm™2, which corresponds to a silicon-graphite
active material loading of 0.71-1.84 mgsic cm~2, depending on the
active material ratio.

Scheme 1 summarizes the electrode compositions that were in-
vestigated in this study. As one can see, the weight contribution of
the active materials (silicon and graphite) accounted for 70-85 wt%
of the total electrode mass. Herein, the fraction of silicon was step-
wise decreased from 60 to 20 wt%, while the fraction of graphite
was simultaneously increased from 10 to 65 wt%. To accomplish
adequate electrode integrity and to maintain sufficient electrical con-
ductivity upon cycling, the amount of conductive additive and binder
were adjusted to the amount of silicon in the electrode. In accor-
dance with Marks et al.,*> we adjusted the binder coverage to ~6.3
mg mgpr 2 in all compositions, considering a BET surface area of
~40 m? g~! for silicon in the delithiated state, ~5 m* g~! for graphite,
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and ~13 m? g~! for the carbon fibers. During the optimization of the
electrode compositions, we explored different binder and conductive
carbon contents that affected the integrity and cycling stability of the
electrodes to a certain extent; yet they did not impact the relation of the
FEC consumption and the exchanged capacity, as will be explained
in detail in the Discussion section. As the theoretical electrode capac-
ities ranged from 960 to 2,200 mAh g~ (taking theoretical active
material capacities of 372 mAh g~!¢ and 3579 mAh g~!;),%! the elec-
trode coating thicknesses were adjusted to 15-31 pwm (measured by
Mitutoyo Litematic VL-50, Japan), thus providing a consistent areal
capacity of 1.8-2.3 mAh cm™.

Electrolyte and test cell assembly.—Electrochemical character-
ization was performed in coin-cells (CR2032, Hohsen, Japan) that
were assembled in an Ar-filled glove box (MBraun, Germany) by
sandwiching two porous glass fiber separators (@ 16 mm, thickness
250 pwm, VWR, USA) soaked with 130 nL electrolyte solution (i.e.,
84 wL cm™2) between a silicon-graphite electrode (@ 14 mm,
1.8-2.3 mAh cm~?) and either a lithium metal electrode (@ 15 mm,
450 pm thickness, Rockwood Lithium, USA) for cyclic voltammetry
or a capacitively oversized LiFePO4 (LFP) electrode (@ 15 mm,
3.5mAhcm~2, Custom cells, Germany) for cell cycling. As electrolyte
solution, 1 M LiPFg dissolved in a mixture of ethylene carbonate (EC)
and ethyl methyl carbonate (EMC) (3:7 w:w; LP57, BASF, Germany)
and 5 wt% of fluoroethylene carbonate (FEC, BASF, Germany) was
used.

Electrode morphology.—The morphology of the pristine silicon-
graphite electrodes was investigated by scanning electron microscopy
(SEM). First, electrode cross-sections were prepared by Argon ion
beam polishing, using a JEOL Cross Section Polisher IB-09010CP
(JEOL, Japan). Afterwards, SEM images were measured by use of
a JEOL JSM-7800F PRIME (JEOL, Japan) with a field-emission
electron source and a secondary electron detector.

Cyclic voltammetry.—The electrochemical (de-)lithiation of the
SiG electrodes was characterized by cyclic voltammetry in a Li/SiG
coin-cell setup. Alternating linear potentiodynamic sweeps with a scan
rate of 25 WV s~! were applied, forcing the cell potential from open
circuit potential (typically ~2.6 V vs. Li/Li*) to 0.01 V vs. Li/Li*
(lower vertex potential) and then back to 1.5 V vs. Li/Li* (upper vertex
potential). All measurements were performed in a climate chamber
(Binder, Germany) at 25°C (£0.5°C), using a multi-channel potentio-
stat VMP3 (BioLogic, France).

Cell cycling.—Electrode polarization and cycling performance of
SiG electrodes were investigated through galvanostatic cycling of
SiG//LiFePO, coin-cells. Initially, a formation cycle between 0.01
and 1.25 V vs. Li/Li* (corresponding to 3.44 and 2.2 V cell voltage)
was applied to all cells using a C-rate of 0.05 h™! (~0.1 mA cm™2).
Two constant voltage (CV) steps were performed at the end of SiG
lithiation/delithation (i.e., at 0.01/1.25 V vs. Li/Li™) with a current
limit of 0.02 h™'. For the subsequent cycles, the C-rate was increased
to 0.5 h™! (~1.0 mA cm™2). All measurements were performed in a
climate chamber (Binder, Germany) at 25°C (£0.5°C), using a battery
cycler (Series 4000, Maccor, USA).

Electrolyte consumption.—Consumption of fluoroethylene car-
bonate (FEC) during galvanostatic cycling was investigated by
YF-NMR spectra which were obtained post-mortem from the elec-
trolyte solutions. For this, SiG//LiFePOy coin-cells were disassem-
bled after 120 cycles and the glass fiber separators were subsequently
dipped into deuterated dimethyl sulfoxide (DMSO-d6, anhydrous,
Sigma-Aldrich, USA). The resulting solutions were then filled into
air-tight NMR tubes and 'F-NMR spectra were measured using a
Bruker Ascend 400 (400 MHz). As described by Jung et al., the re-
sulting '"F-NMR spectra show only peaks that can either be ascribed
to PFs~ or FEC, i.e., no additional peaks from PO,F,™ or PO;F*~
can be observed that originate from salt decomposition or separator
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Figure 1. Cyclic voltammetry responses of the first (panel a) and the second
cycle (panel b) of Li//SiG coin-cells, incorporating silicon-graphite electrodes
with different active material ratios. Characteristic features are labelled either
by star (silicon) or hash (graphite). Electrolyte: 130 pL LP57 with 5 wt%
FEC, scan rate: 25 pV s~ vertex potentials: 0.01 and 1.5 V, electrode area:
1.54 cm?, areal capacities ranged from 1.8 to 2.3 mAh cm~2, temperature:
25°C.

decomposition by HF.!** As a result, the concentration of PF4 ™ in the
electrolyte solution shows no quantitative changes upon cycling and
can thus be defined as an internal standard. For that reason, changes
in the ratio of PFs~ peak integrals to FEC peak integrals allow to
monitor the consumption of FEC after a selected number of cycles.
A previous work from our group,'' which deployed this method pro-
vided the same four-electron mechanism for the reduction of FEC as
an independently conducted analysis via gas chromatography coupled
with mass spectrometry (GC-MS) by Petibon et al.*

Results

Electrode characterization.—Table I summarizes the properties
of the silicon-graphite electrodes that were investigated in this study.
Based on measured areal loadings of the electrode coatings, the known
electrode composition, and the measured electrode thicknesses,
the calculated electrode densities of all electrodes range between
~0.6-0.7 g cm 3y, corresponding to electrode porosities ranging in
between ~67-73%, were obtained for all compositions. We ascribe
this characteristic to a combination of the similar bulk densities of
silicon (~2.3 g cm~?) and graphite (~2.2 g cm~?) and of the large
and well dispersed carbon fibers (diameter: 150 nm, length: 10-20
pm) that create a substantial amount of void spaces.

The electrochemical (de-)lithiation of the silicon-graphite elec-
trodes was investigated by cyclic voltammetry. Figure 1 shows the
current responses of (a) the first and (b) the second cycle obtained from
the different SiG electrode compositions. While the lithiation fea-
tures of silicon and graphite are largely superimposed during the first
reductive scan at potentials below 0.18 V vs. Li/Li*, the oxidative scan
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clearly reveals two characteristic delithiation peaks of silicon at 0.31
and 0.50 V vs. Li/Li* *® as well as three delithiation peaks of graphite
at 0.11, 0.16, and 0.24 V vs. Li/Li*, which correspond to the volt-
age plateaus of lithium-graphite intercalation compounds LiC,.%’ The
silicon features appear more pronounced in the 60 wt% and 50 wt%
silicon electrodes (blue curves), whereas the graphite peak currents
decrease, according to the lower graphite content in these electrodes.
As expected, the lithiation behavior of silicon changes between the
first and second cycle (see Figure 1b). Once the silicon has become
amorphous after the first reductive scan, lithiation in subsequent scans
starts at more positive potentials of about 0.21 V and continues below
0.11 V vs. Li/Li*. In agreement with Fuchsbichler et al.,'” graphite
is lithiated (<0.19 V vs. Li/Li") and delithiated (<0.24 V vs. Li/Li™)
step-wise at slightly more negative potentials compared to silicon.
The inset in Figure 1a shows a magnification of the first reductive
scan. The feature at about 1.3 V vs. Li/Li* can be assigned to the
reductive decomposition of FEC.3® As it was reported earlier in the
literature, FEC is reduced at more positive potentials than EC and
EMC, thereby forming an SEI layer on the active material particles,
which significantly reduces further electrolyte decomposition. !

Cycling performance in SiG//LFP cells.—The cycling per-
formance of the silicon-graphite electrodes (1.8-2.3 mAh cm~2)
was investigated vs. capacitively oversized LiFePO, electrodes
(~3.5 mAh cm~2). To fully utilize the theoretical specific capacity
of the different silicon-graphite electrodes, the cutoft potentials were
set to 0.01 V vs. Li/Lit during lithiation (3.44 V cell voltage) and
1.25 V vs. Li/Li* during delithiation (2.2 V cell voltage). In addition,
constant voltage steps were applied at the end of lithiation and delithi-
ation. Figure 2 shows (a) the coulombic efficiency (in %) and (b) the
gravimetric delithiation capacities normalized to the entire electrode
mass (in mAh g*'el) as a function of the cycle number. Table I sum-
marizes relevant data of the first cycle and the capacity retention upon
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Figure 2. Galvanostatic cycling of SiG//LFP coin-cells, with different silicon-
graphite electrode compositions. Areal capacities: SiG (1.8-2.3 mAh cm™2),
LFP (~3.5 mAh cm~2), electrolyte: 130 wL LP57 with 5 wt% FEC, applied
currents: ~0.1 mA cm~2 (0.05 h~") during formation cycle and ~1.0 mA cm™—>
(0.5 h™!) during consecutive cycles, SiG electrode cutoff potentials of 0.01
and 1.25 V vs. Li/Li", constant voltage steps at 0.01/1.25 V vs. Li/Lit at
the end of (de-)lithiation with a current limit of 0.02 h~!. Panel (a): Coulom-
bic efficiency obtained from the ratio of delithiation/ lithiation capacity, and
panel (b): Delithiation capacity in mAh g~!¢ per silicon-graphite electrode.
The error bars represent the standard deviation of at least two independent
repeat measurements.
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Table I. Properties of the silicon-graphite electrodes that were investigated in this study. Selected data from the first galvanostatic cycle at 0.05 h~!
between 0.01 and 1.25 V vs. Li/Li* and from ’F-NMR FEC consumption measurements after 120 cycles. The % values represent the standard

deviation of at least two independent repeat measurements.

Electrode composition

Electrode properties Units SiG (60:10) SiG (50:25) SiG (35:45) SiG (20:65)
Theoretical electrode capacity mAh g_'el 2,185 1,883 1,420 958
Capacity contribution from silicon % 98.3 95.1 88.2 74.7
Areal capacity mAh cm™2 23402 1.8+0.2 1.8+0.2 2.1+0.2
Electrode mass loading mg cm~2 1.06 0.94 1.30 2.17
Active material loading mgsiG cm—2 0.74 0.71 1.04 1.84
Electrode thickness pm 15£2 16 £2 21+£2 31£2
Electrode density gem ™3 0.71 0.59 0.62 0.70
Electrode porosity % 67 73 72 68
Electrode BET area (delithiated) m2geT g’l 26 23 17 12
Binder coverage mg m~2ggr 6.1 6.2 6.3 6.6
1%t cycle coulombic efficiency % 87.6+0.8 86.1 £0.7 86.3 £ 0.5 87.1+0.5
1% cycle irreversible capacity mAh;, g*Id 272 272 201 128
18 cycle delithiation capacity mAh g_'cl 1,933 1,685 1,265 860
Capacity retention in cycle 120 mAh g~ 1y 1,323 1,264 979 713
Capacity retention cycle 3—120 % 67 74 76 82
cycle # at 80% capacity retention # 44 58 87 >120
Total irreversible capacity after 120 cycles Ahiy g7 T 247 2.17 1.62 0.93
mAh;; cm™2 2.62 2.04 2.11 2.02
Capacity per FEC after 120 cycles mAh wmol ™! 11.5 12.9 14.5 15.7
mAhy s; umol ™! 11.3 12.2 12.8 11.7
FEC per irreversible capacity after 120 cycles pwmol mAh~!; 13.0 12.3 11.5 13.1

cycling. As can be seen from Figure 2b, the different electrode com-
positions demonstrate delithiation capacities between 860 mAh g—!
(20 wt% silicon, dark brown curve) and 1,930 mAh g~!; (60 wt%
silicon, dark blue curve) during the first cycle (see also Table I). In-
terestingly, all electrodes indicate a very similar first cycle capacity
utilization and coulombic efficiency, both in the range of ~85-88%,
independent of the electrode composition (i.e., all electrodes reveal
a similar areal irreversible capacity loss of 0.28 4 0.02 mAh cm™2
in the first cycle). These first cycle coulombic efficiencies of the
SiG electrodes are very similar as for the silicon electrodes with-
out graphite but using the same silicon particles (40 wt% silicon, 20
wt% VGCE, 20 wt% LiPAA) with 85-86% (data not shown), and are
only slightly lower compared to the ~92% for pure graphite elec-
trodes (95 wt% graphite, 5 wt% PVdF). We explain this behavior by
the similar BET surface area per capacity of both active materials
(11-13 m?ger Ah™!) in the delithiated state, suggesting that the ini-
tial SEI formation process is similar at silicon and graphite. As the
irreversible capacity loss of the first cycle, which is commonly as-
sociated with SEI formation, is proportional to the BET surface area
of the active material, the amount of SEI loss per delivered capacity,
and thus the coulombic efficiency, must consequently be the similar
for all compositions.** Thus, contrary to common perception, the first
cycle coulombic efficiencies of silicon and graphite are actually quite
similar in this case. As a corollary, for silicon particles with a lower
BET area (i.e., with a lower m?ggr Ah™! value), one would expect
them to exhibit equal or even superior coulombic efficiency compared
to graphite, as the first-cycle coulombic efficiency seems to scale with
m%ger Ah~! value. Consistent with this assumption, Yoon et al. re-
cently reported a coulombic efficiency of ~91.5% for silicon particles
with a diameter of 700 nm, which is higher than that of graphite.’
Within the first 60 cycles, all electrodes reveal a distinct capacity
decay (see Figure 2b), which occurs earlier and increases in extent
with increasing silicon content. Here we would like to note that this
loss of reversible capacity is not related to the depletion of FEC as
described by Jung et al.,'! because our "’F-NMR analysis after 120 cy-
cles revealed a residual FEC concentration of at least ~1.2 wt% in the
electrolyte (originally 5 wt%). The cycling stability notably improves
after the initial capacity decays, leading to similar capacity fading
rates for all compositions. The resulting capacity retentions between

the 3™ (i.e., after formation) and the 120" cycle at 0.5 h™! lie be-
tween 67% for the 60 wt% silicon electrode and 82% for the 20 wt%
silicon electrode (see Table I), meaning that the silicon/graphite ratio
displays a trade-off between the initial delithation capacity and sub-
sequent cycling stability. In addition, all electrode compositions show
a minimum in the coulombic efficiency around the 20" cycle (see
Figure 2a), followed by a gradual increase to values above 99.5%.
Like the capacity decay, the minimum coulombic efficiency value at
~20 cycles decreases with increasing silicon content. At this point we
would like to note that the capacity fade in Figure 2b is not related
to a depletion of active lithium, i.e. the capacity of the LFP positive
electrode after 120 cycles is still large enough to avoid a limitation
in cyclable lithium. The same cycling behavior was also obtained in
preliminary experiments in half-cells vs. lithium metal.’!

Irreversible capacity loss upon cycling.—To understand the irre-
versible processes taking place in the silicon-graphite electrodes at
different stages of cycle life, the total irreversible capacity Y Q;,, as
a function of the cycle number is shown in Figure 3. Here, ) _ Q;,, was
calculated as described by Equation 1, with Q,/™iation and Qdelithiati
being the specific lithiation and delithiation capacities in Ahy, g4,
while the index i stands for the respective cycle number.

120

Z Qirr — Z (Qﬁithiation _ Q?Blil/lialioll) [1]

i

As can be seen in Figure 3, the )~ Q;,, evolution of all electrode
compositions is characterized by a sigmoidal shape. The first part
consists of an initial offset in Y Q;,, of about 0.13-0.27 Ah;, g™y,
corresponding to the first cycle irreversible capacity described in
Table I, and subsequent sigmoidal increase in »_ Q;,,, with a maxi-
mum in the slope after ~20 cycles, whereby the slope increases with
increasing silicon content. The second part after about ~45 cycles,
however, is characterized by a less steep and nearly linear growth
of > Q;,, with cycle number. Interestingly, the sigmoidal increase
of Y 0, within the first ~45 cycles implies that the irreversible
processes go through a maximum after ~20 cycles, which also cor-
responds to the minimum in coulombic efficiency in Figure 2a. We



] T T T T
To) 3.0 |- Irreversible capacity normalized to the

E | mass of the entire electrode - |
< 60 wt% silicon
< 25}
pO\]\ 2.0
> 50 wt% silicon |

N
[6)]

-
o

o sassin|

20 wt% silicon

e
S}

Irreversible capacit

0 20 40 60 80 100 120
Cycle number (#)

Figure 3. Total irreversible capacity Y Q;,r in units of Ahjy g*ICI (defined
by Equation 1) as a function of the cycle number, obtained from the gal-
vanostatic cycling data of the SiG//LFP coin-cells shown in Figure 2. The
error bars represent the standard deviation of at least two independent repeat
measurements.

expect that this behavior is caused by the degradation of the silicon
particles, which will be explained in more detail in the Discussion
section. In contrast to the first phase, the > Q;,, slopes in the second
phase are almost constant and very similar for all electrode composi-
tions (see Figure 3). In this stage, residual irreversible capacity losses
are significantly reduced and mainly scale with the delivered capacity,
but seem to be independent of the electrode composition.

Silicon-graphite electrode capacity decay.—Figure 4 shows cyclic
voltage profiles of the 20 wt% silicon electrode as a function of the
exchanged capacity for the 2", 20", 60™, and 120" cycle. For this
electrode with the highest graphite content of 65 wt%, the capacity
contribution from the graphite active material can be most clearly dis-
tinguished from the contributions by silicon. In addition, we plotted the
differential capacity curve of the same electrode in Figure 5a, which
allows a direct identification of the (de-)lithiation potentials of sili-
con and graphite (highlighted by hash signs). Accordingly, the cyclic
voltage profiles in Figure 4 are increasingly compressed in x-direction
upon continued cycling, reflecting a decrease in the reversible capacity
of the silicon-graphite electrode. To identify the origin of this capac-
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Figure 4. Cyclic voltage profiles of the 20 wt% silicon electrode plotted as a
function of the exchanged capacity (mAh g~!¢)), obtained from galvanostatic
cycling of SiG//LFP coin-cells. The SiG electrode potential was calculated
from the SiG//LFP cell voltage, referring to a constant LFP electrode potential
of 3.45 V vs. Li/Li*.
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SiG//LFP coin-cells. The SiG electrode potential was calculated from the
SiG//LFP cell voltage, referring to a constant LFP electrode potential of
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ity decay, we first consider that the delithiation capacity contribution
in Figure 4 at potentials below 0.25 V vs. Li/Li* stays constant at
about 250 mAh g~',;. Taking into account the graphite delithiation
potentials obtained from cyclic voltammetry in Figure 1 and the the-
oretical capacity contribution of ~25% from graphite in the 20 wt%
silicon electrode (~75% of the total theoretical capacity of 960 mAh
g~! are contributed by silicon; see Table I), we can conclude that
the loss of reversible capacity is mainly associated with the silicon
active material at delithiation potentials above 0.25 V vs. Li/Li™. This
conclusion is additionally confirmed by the differential capacity curve
shown in Figure 5a, which clearly shows that the integral of the peaks
associated with the delithiation from graphite (see hash signs) remain
almost constant.

In addition, Figure 5b shows the differential capacity profile of
the 50 wt% silicon electrode for the 2", 20", 60%, and 120" cycle
as a function of the silicon-graphite potential. Both electrodes re-
veal almost no polarization during the lithiation at potentials below
0.2 V vs. Li/Li* upon cycling, however, a distinct potential drop af-
ter 60 cycles for the 50 wt% silicon electrode can be observed at
low degrees of lithiation, i.e., at potentials above 0.2 V vs. Li/Li*.
As a result, the loss of reversible capacity must be largely caused
by an incomplete lithiation of the silicon active material, which can
be clearly seen by the disappearance of the lithiation shoulder in the
0.25-0.5 V vs. Li/Li* region. Analogously, during delithiation both
electrodes reveal significant changes at potentials above 0.25 V vs.
Li/Li* upon cycling. Between the 2" and the 20™ cycle, a distinct
peak at about 0.45 V vs. Li/Li* can be seen, which is ascribed
to the two-phase delithiation reaction from crystalline LijsSiy to
amorphous Li,Si.** As expected, the extent of this peak is larger
in the 50 wt% electrode. Several studies on different alloy elec-
trodes indicated that these two-phase boundaries cause additional
particle damage due to inhomogeneous volume changes compared
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Figure 6. Capacity contribution (in %) from constant voltage steps at the end
of (a) lithiation at 0.01 V vs. Li/Li* and (b) delithiation at 1.25 V vs. Li/Li*,
obtained from galvanostatic cycling at 0.5 h~! of SiG//LFP coin-cells shown
in Figure 2. The first two cycles were omitted to exclude any effects that
may result from the lower C-rate of 0.05 h~! during the first cycle. The
error bars represent the standard deviation of at least two independent repeat
measurements.

to single-phase reactions and that they often coincide with a ca-
pacity fade of the respective electrodes.”* For silicon-based elec-
trodes, laboni and Obrovac demonstrated recently that the forma-
tion of Li;sSis during cycling can be used as a sensitive indicator
for weakly bound silicon regions and coincides with the detach-
ment of silicon particles, leading to a capacity decay.® In agree-
ment with their report, the extent of the Li;5Siy peak shown in
Figure 5 increases within the first 20 cycles, which corresponds to
a simultaneous decrease of the delithiation from amorphous silicon-
lithium alloy (a-Si). In other words, during lithiation within the first
cycles more silicon is reduced to form the highly lithiated crystalline
Li;sSi4 phase. However, analogous to the cycling data shown in Fig-
ure 2b after 60 cycles a continuous decrease of the Li;sSiy peak can
be observed, which, though it is partially compensated by a smaller
increase of the delithiation capacity from amorphous silicon-lithium
alloy (a-Si), indicates that the silicon particles no longer reach the
highly crystalline Lis 75Si stoichiometry. Although this effect is more
pronounced in electrodes with higher silicon content and can be ex-
plained by an incomplete lithiation, the decay of the delithiation ca-
pacity at potentials above 0.6 V vs. Li/Lit, i.e. at low degrees of
lithiation, is even more severe and the main source for the loss of
reversible capacity, which agrees with the disappearance of the shoul-
der during lithiation at potentials between 0.25 and 0.5 V vs. Li/Li*.
This phenomenon is most likely caused by insufficiently connected
silicon particles, which suffer either from incomplete lithiation or,
more likely, incomplete delithation because of a higher contact and
interfacial resistance during particle shrinkage.>

Figure 6 shows the capacity contributions Qcy¢ from the constant
voltage steps at the end of (a) the lithiation step at 0.01 V vs. Li/Li™"
and (b) the delithiation step at 1.25 V vs. Li/Li* for the different elec-
trode compositions. The contributions for each cycle were calculated
according to Equation 2,

QCV

—— . 100 2]
Qcc + Qcv

QCV,% =

A2845

where Qcc is the capacity from the constant current step and Qcy is
the capacity from the constant voltage step. As can be seen in Fig-
ure 6a, the lithiation of the silicon-graphite electrodes is characterized
by a continuous increase of Qcyq by ~6%-points before stabilizing
between 17-19% across all electrode compositions. In other words,
after ~45 cycles approximately one fifth of the lithiation capacity
is derived from the constant voltage step at 0.01 V vs. Li/Li*. The
slope of Qcyg vs. cycle number reaches a maximum after ~20 cy-
cles before it decreases to essentially zero after about ~45 cycles.
The occurrence of this inflection point seems to be independent of
the electrode composition and again coincides with the minimum in
the coulombic efficiency in Figure 2a. We assume that the initial rise
in Qcye results from a minor increase in electrode polarization (as
shown in Figure 5, the voltage polarization increase for the lithiation
process is rather small), which we believe originates from enhanced
electrolyte decomposition in the initial cycles due to silicon particle
degradation (i.e., surface growth) and subsequent growth of the SEI
layer. Upon continued cycling (i.e., after ~45 cycles), the increase in
Qcva is only minor across all electrode compositions. As it is known
that the SEI layer mainly consists of electrically insulating electrolyte
decompositions products, e.g., inorganic LiF and Li,CO3; compounds
as well as organic alkyl carbonates and alkoxides, its growth is limited
to a certain thickness.*>*® Hence, we expect that the silicon surface
does not change significantly after cycle 45.

As the electrode polarization during lithiation does not seem to
depend on the electrode composition, there must exist a second degra-
dation phenomenon during delithiation that leads to the observed
composition-dependent capacity drop shown in Figure 2. To fur-
ther investigate this, the capacity contribution from the CV-step at
1.25 V vs. Li/Li* during delithiation is shown Figure 6b. Initially,
Qcv is in the range of ~1% across all electrode compositions and
thus much smaller compared to that of the lithiation CV step. This
can be explained by considering exemplarily the differential capacity
curves in Figure 5, according to which the delithiation cutoff po-
tential of all silicon-graphite electrodes, independent of the silicon
content, is significantly higher than the average delithiation potential
of ~0.5 V vs. Li/Li™. However, for the silicon-rich SiG electrode with
60 wt% silicon, Qcy ¢, rises rapidly after the first cycle, reaching ~8%
within less than 10 cycles, which indicates an increased difficulty to
completely delithiate the silicon particles. The same is observed for the
50 wt% and the 35 wt% SiG electrodes, which display a sharp increase
of the Qcy4 value after ~10 and ~20 cycles, respectively. While also
for the Si-poor SiG electrode with 20 wt% silicon a gradual increase
of Qcvyy is observed after ~30 cycles, the magnitude of this increase
is substantially smaller than for the electrodes with higher silicon con-
tent. In summary, the higher the silicon content of the SiG electrodes,
the earlier initiates the observed increase in Qcy¢ and the higher is
the magnitude of the Qcyy4 increase. Remarkably, the onset and the
extent of the increase of Qcyq during the delithiation cycles shown
in Figure 6b coincides with the onset and the extent of the distinct
capacity decay within the first 60 cycles as shown in Figure 2. The
origin of this phenomenon will be further examined in the Discussion
section.

Electrolyte consumption.—Besides the capacity decay, continu-
ous consumption of the electrolyte constitutes a severe challenge to
silicon-based electrodes. To quantify the loss of electrolyte caused
by side reactions at the silicon/electrolyte interface, we harvested the
electrolyte-soaked separators from the cycled SiG//LFP coin-cells af-
ter 120 cycles and measured '’ F-NMR of the extracted electrolytes. As
FEC is reduced at more positive potentials than EC or EMC, Jung et al.
demonstrated by on-line electrochemical mass spectrometry (OEMS)
that FEC almost entirely suppresses the decomposition of EC as long
there is FEC present in the electrolyte.!' Hence, we consider in the
following the change in the ratio of the FEC and PFs~ peak integrals
as a sensitive indicator for the electrolyte consumption upon cycling.

Figure 7a shows the total charge+discharge capacity per mole of
FEC obtained from the SiG//LFP coin-cells depicted in Figure 2 af-
ter 120 cycles. This consumption rate was calculated by Equation 3,
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Figure 7. Total charge+discharge capacity (as defined by Equation 4) per
mole of FEC after 120 cycles, using the cycling procedure described in Figure 2.
The consumed amount of FEC was determined by ' F-NMR spectroscopy from
electrolytes that were harvested from SiG//LFP coin-cells after 120 cycles. (a)
Total capacity of the entire electrode (mAho umol~'gge), (b) Total capacity
contributed only from the silicon active material (mAhq, si wmol~ggc). The
error bars represent the standard deviation of at least two independent repeat
measurements.

where ) Q,,, is the total charge exchanged during charging and dis-
charging in mAh,,, (see Equation 4) and nggc is the FEC consumption
in wmolgge as determined from integral analysis of the '"F-NMR
spectra. In other words, this thus determined capacity per FEC de-
scribes the amount of charge that can be exchanged by the silicon
active material until 1 pwmol of FEC is consumed by concomitant side
reactions.

Z th

nrec

Capacity per FEC = [3]

120
Z th — Z (Qﬁithiation + Qlt_lelithiation) [4]
As can be seen, the total capacity per mole of FEC increases
gradually with decreasing silicon content from 11.5 mAh;, tmol ™' ggc
in the 60 wt% silicon electrode to 15.7 mAh,, pmol™!ggc in the
20 wt% silicon electrode. Taking into account a density of 1.41 g cm~3
for FEC, this would correspond to a total capacity per L FEC of 150—
210 mAh,,, pL~'ggc. Interestingly, this difference is comparatively
small, especially when considering that the 60 wt% silicon electrode
contains nominally three times more silicon compared to the 20 wt%
silicon electrode. For that reason, we applied Equation 5 to correct the
total exchanged capacity by the capacity contribution from graphite to
obtain the capacity that results only from the (de-)lithiation of silicon
(mAh,y s; kmol~!ggc) as shown in Figure 7b,

theo

Xsi+ L
E ot, Si = E ot * 5
Qt t, S Qt t Xgi - Qg;eo + xc - Qtézea [ ]

where Y Q,,.s: is the total capacity from silicon, Y Q,,, is the total
capacity from the entire electrode (see 1% and 2™ rows in Table I),

iheo js the theoretical capacity of silicon, Q¢ is the theoretical
capacity of graphite, xg; is the relative amount of silicon, and x is the

relative amount of graphite. It is to note that for reasons of simplicity,
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we make the approximation that the ratio of the capacity contribu-
tions of silicon and graphite remains constant throughout cycling. As
the silicon accounts for the majority of the capacity (>75%) in any
case, the error arising from this assumption should be low, even if
the capacity of graphite and silicon in the SiG electrodes would fade
at different rates. Using Equation 5 to quantify the charge+4discharge
capacity contribution from silicon and dividing its value by the mea-
sured FEC consumption, it can be seen in Figure 7b that the thus
calculated total capacity from silicon per mole of FEC falls within a
very narrow range, with mean values for each SiG electrode composi-
tion which differ from each other by less than one standard deviation,
so that the overall capacity per consumed FEC can be averaged for all
four SiG electrode compositions to 12.0 & 0.8 mAh s; pmol ™ ggc.
From this, we conclude that the total capacity exchanged by silicon
causes the same FEC consumption across all SiG electrode compo-
sitions, suggesting that the graphite content has no influence on the
FEC consumption rate.

nrpec

Z Q[rr
Z Qirr

ngec - F

FEC per irreversible capacity = [6]

Electrons per FEC = [7]

To further support our conclusion, we applied Equation 6 to nor-
malize the FEC consumption nggc after 120 cycles to the total irre-
versible capacity Y Q;,, (see Equation 1). As a result of the repeated
volume expansion of silicon (~280%) and the resulting cracking and
continuous renewal of the SEI layer, we assume that the irreversible ca-
pacity losses after 120 cycles can be almost fully ascribed to the side re-
actions at the silicon/electrolyte interface. In accordance with that, the
normalization reveals a similar ratio of 11.5-13.1 wmolggc mAh™!,
across all electrode compositions (shown in Table I), which is in good
agreement with the results obtained by Jung et al. and additionally
confirms their hypothesis according to which there is only one ma-
jor source of irreversible capacity loss on silicon when using FEC
containing electrolytes, namely the reduction of FEC.!! However, by
use of Equation 7, the conversion of the jLmolggc mAh™!y, into the
number of electrons that are consumed by the reduction of FEC re-
veals a slightly lower value of 3.0 £ 0.2 compared to the proposed
four-electron mechanism of Jung et al.'! We ascribe this discrepancy
to the influence of the two constant voltage steps at 0.01 and 1.25 V
vs. Li/Li" in the present study, as result of which our silicon-graphite
electrodes experienced these limiting potentials for a much longer time
compared to the constant current procedure of Jung et al.,'' which in
turn seem to affect the reduction processes at the silicon/electrolyte
interface.

Building up on the relation of the FEC consumption and the ir-
reversible capacity of 11.5-13.1 pmolggc mAh;,, we can now com-
pare the silicon-graphite electrodes with a standard graphite:PVdF
(95:5) electrode with the same graphite particles in a conventional
graphite//LFP full-cell cycling procedure (~1.7 mAh cm~2, CCCV
cycling between 2.0-4.0 V at 1 C), which shows a total irreversible
capacity of ~0.34 mAh per 550 mAh total charge-discharge capacity
(after ~200 cycles). By multiplying the total irreversible capacity with
the FEC consumption rate (here: 13.1 wmolpsc mAh;,), we obtain an
absolute FEC consumption of 4.45 pmolggc (see Equation 6). Subse-
quent normalization of the total charge-discharge capacity of 550 mAh
to the absolute FEC consumption in accordance with Equation 3 re-
sults in a total capacity per FEC of ~124 mAh pwmolggc. Comparing
this value to the capacities per FEC for the different silicon-graphite
electrodes of 11.5-15.7 mAh pwmolggc (see Figure 7a) clearly shows
that the FEC consumption caused by the (de-)lithiation of graphite is
more than one order of magnitude smaller as for silicon and likely
mainly results from the initial SEI formation during the first cycles.

Discussion

Differentiating the degradation phenomena in silicon-graphite
electrodes.—A close inspection of the galvanostatic cycling data
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(Figure 2) and the two different regions in the corresponding total
irreversible capacity vs. cycle number plot (Figure 3) suggest that
our silicon-graphite electrodes undergo two distinct degradation phe-
nomena. There seems to be one degradation mechanism common to
all SiG electrodes, which results in an initial dip in the coulombic
efficiency over the first ~45 cycles, which goes through a minimum
after ~20 cycles (see Figure 2a), and which results in a rapid initial
increase in the CV-step lithiation capacity (see Figure 6a). Although
the extent of the coulombic efficiency minimum increases with the
silicon content in the electrodes, it occurs after the same number of
charge/discharge cycles across all electrode compositions, indepen-
dent of the silicon/graphite active material ratio. In contrast, there
seems to be another degradation mechanism which depends on the
silicon/graphite ratio, namely the initially rapid and distinct capacity
decay (see Figure 2b) as well as the clearly different increase in the
delithiation capacity during the CV-step (see Figure 6b). As will be
outlined in the following, we propose that the first phenomenon is
mostly related to the intrinsic properties of the silicon active material
such as particle size and morphology (furtheron referred to as sili-
con particle degradation), whereas the second phenomenon depends
not only on the silicon material but also on the electrode composi-
tion, viz., the silicon/graphite ratio (furtheron described as electrode
degradation).

Our hypothesis that the first degradation mechanisms, i.e., the sil-
icon particle degradation mechanism indeed mostly depends on the
intrinsic properties of the silicon particles can be illustrated by nor-
malizing the accumulated irreversible capacity Y Q;,, (in Ahy, g7 1o
shown in Figure 3 by the silicon content of the respective silicon-
graphite electrodes and plotting the resulting >~ Q,,,.s; (in Ahy; g7 1)
as a function of the cycle number, as shown in Figure 8a, as well as
a function of the total charge-discharge capacity (see Figure 8b). The
most important finding of this analysis is that all four SiG electrode
compositions now show an essentially identical behavior, thus reveal-
ing that the total irreversible capacity only depends on the amount of
silicon in the electrodes, with apparently negligible contributions from
the silicon/graphite ratio or from the graphite content. Furthermore,
by plotting > Q;,,.s; versus the total amount of exchanged charge (see
Equation 4), Figure 8b shows that Y Q;,.s; is identical for all SiG
electrodes, consistent with the observation that the FEC consump-
tion of all SiG electrodes only depends on the total charge+discharge
capacity (see Figure 7b).

To explain the initial sigmoidal increase of the accumulated ir-
reversible capacity losses (3 Q;,), we consider that alloy electrode
materials suffer from an enhanced particle roughening and from the
formation of nanoporous particle morphologies as a consequence of
the repeated volume changes during lithiation/delithiation, as was re-
ported for tin” and silicon'® (analogous to the structures formed during
dealloying reactions).*” Assuming that nanoporous silicon particles
are being created during the early phase of the charge/discharge cy-
cling, the sigmoidal behavior of the accumulated irreversible capacity
versus cycle number (see Figure 8a) can easily be rationalized: the
associated rapid initial increase in silicon particle surface area would
lead to an initial steep increase in the accumulated irreversible capac-
ity due to enhanced SEI formation, which subsequently would slow
down once a fully developed nanoporous particle morphology has
been reached. As this phenomenon would only depend on the silicon
particle size and morphology, its effect would have to be indepen-
dent of the silicon/graphite ratio of the SiG electrodes, as long as
the electrodes are cycled between identical potential limits (i.e., be-
tween identical degrees of silicon lithiation/delithation), as indeed is
observed in Figure 8. Furthermore, this hypothesis is consistent with
the fact that the characteristic dip in the coulombic efficiency with
a minimum after the same number of cycles is the same for all SiG
electrode compositions, independent of the silicon/graphite ratio (see
Figure 2a).

As can be seen in Figure 8, the silicon particle degradation is sig-
nificantly decreased after ~ 45 cycles, leading to a much reduced
slope of the accumlated irreversible capacity versus cycle number or
total exchanged charge. This would be consistent with the assumption
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Figure 8. Total irreversible capacity > Qj.,si (mAhiy g~ !si) normalized to
the mass of silicon in the SiG electrodes compositions (same color codes as
in Figure 3) and plotted (a) as a function of the cycle number, and (b) as a
function of the total charge+-discharge capacity. The data were obtained from
galvanostatic cycling of SiG//LFP coin-cells, as shown in Figure 2.

that a steady-state morphology of the silicon particles is reached after
the initial ~45 cycles, i.e., that the silicon surface area has reached
a final steady-state value. We explain this behavior by a reduction of
the mechanical stress during insertion and extraction of lithium in the
nano-sized silicon features, resulting from the initial morphological
changes. In addition, this may also be related to the fact that the hy-
pothesized increased surface area and porosity of the silicon particles
would lead to a decrease of the effective surface-normalized current
density, which in turn would reduce the mechanical stresses due to
volume changes during cycling. In other words, the degradation of the
silicon particles results in morphological changes that simultaneously
diminish the root cause for their mechanical degradation, namely the
mechanical stress upon insertion and extraction of lithium.??> Once
the surface growth of silicon has reached a minimum and the sil-
icon particles are fully covered by an electronically insulating SEI
layer, further irreversible capacity losses at a now much lower rate
would mainly originate from ongoing electrolyte decomposition due
to cracking and repair of the existing SEI layer, which is caused by
the repeated volume changes upon cycling.

While the here given hypothesis is consistent with the literature, we
are currently seeking to provide microscopic proof for the proposed
relationship between nanoporous particle formation and the behavior
of the accumulated irreversible capacity versus cycle number.*®

In contrast to the silicon particle degradation mechanism, the elec-
trode degradation mechanism is highly dependent on the electrode
composition, with an observed earlier (in terms of cycle number) and
more severe decay of the reversible capacity with increasing silicon
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Figure 9. Scanning electron microscope cross-sectional images of (a, ¢) the 60 wt% silicon electrode, and (b, d) the 20 wt% silicon electrode. Secondary electron
detector (SE), 15.0 kV electron acceleration voltage, magnification x5,000 (upper panels) and x11,000 (lower panels). Cross-sections were prepared with an Ar-ion

beam cross-section polisher.

content as shown in Figure 2b. Similarly, the delithiation capacity
contribution of the CV-step at 1.25 V vs. Li/Li" in Figure 6b strongly
increases with increasing silicon content, indicating an increasingly
significant polarization of the delithiation reaction of the silicon parti-
cles. To understand how the electrode composition might lead to these
observations, Figure 9 shows representative cross-sectional scanning
electron microscope (SEM) images of (a, ¢) the 60 wt% silicon elec-
trode and (b, d) the 20 wt% silicon electrode. The lower SEM images
(c, d) depict magnifications of the upper electrodes (a, b) at 11,000x.
As can be seen in (a) and (c), the 60 wt% silicon electrode consists
of a dense matrix of nanometer-sized silicon particles into which
a few graphite flake-like particles are widely dispersed. Therefore,
electronic conduction through this silicon-rich electrode involves the
contribution of a large number of silicon/silicon and silicon/carbon
fiber contact junctions, with the associated electronic contact resis-
tances. In contrast, the 20 wt% silicon electrode in (b) and (d) consists
of anearly contiguous graphite backbone structure, whose interspaces
are partially filled by silicon particles, leading to a much smaller av-
erage distance between the individual silicon particles and adjacent
graphite particles. Therefore, the electronic conductivity of the SiG
electrodes is expected to be significantly improved with increasing
graphite content.

Although the SEI growth is largely driven by the above described
silicon particle degradation mechanism, the mean electron conduction
path length from the individual silicon particles to the graphite parti-
cles is crucial to maintain sufficient electronic conductivity through-
out the electrode, which we tried to capture by Scheme 2. Based
on this, one would expect that the progressive surface roughening of
the silicon particles in the early stages of SEI growth would lead to
a substantial loss of electrode integrity and subsequent increase of
the electrode resistance. This, however, seems to be only partially
consistent with the analysis of the potential profiles (see Figure 5)
over extended charge/discharge cycling: while the gradual disappear-
ance of the Li;sSiy phase is consistent with an electronic conduction
resistance induced electrode polarization, the observed overpoten-
tial increase during charge and discharge is rather small and there
are no obvious differences between the different SiG composites.
On the other hand, our hypothesis of increased local electronic resis-
tance contributions with increasing silicon content seems to hold when

examining the capacity contribution during the delithiation CV step
(at 1.25 V vs. Li/Li*, see Figure 6b), which rapidly rises for silicon-
rich electrodes in contrast to SiG electrodes with low silicon content.
This can be easily explained by the silicon particle shrinkage during
delithiation, resulting in a temporary particle isolation and incomplete
delithiation, as was shown previously by Yoon et al.>* Consistent with
this hypothesis is the observation that the capacity contribution dur-
ing the lithiation CV step (at 0.01 V vs. Li/Li*, see Figure 6a) is
similar for all SiG composites, as the expanded volume of the lithi-
ated silicon particles will reduce the effect of inter-particle electronic
contact resistances. The fact that the electrode polarization effects
only set in toward the end of the delithiation process now also ex-
plains why it is not apparent in the overall differential capacity curves
(Figure 5). In summary, we believe that the increasing capacity decay
rate with increasing silicon content is due to silicon particle detach-
ment and loss of electrical contact, particularly during the delithia-
tion step, caused by the increasingly long mean electron conduction

(@) (b)

Graphite

Scheme 2. Illustration of the difference in the mean electron conduction path
length from the individual silicon particles to the electronically conductive
graphite particles as a function of the silicon/graphite ratio sketched for (a) an
Si-rich electrode (based on Figures 9a and 9c) and (b) an Si-poor electrode
(based on Figures 9b and 9d). The different path lengths for electron conduction
are illustrated by the yellow dotted line.
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path length with increasing silicon content (see Scheme 2). Thus, in
contrast to the silicon particle degradation mechanism, the electrode
degradation mechanism and the concomitant capacity decay of the
SiG electrodes is largely determined by the silicon/graphite active
material ratio.

To estimate the contribution from the incomplete delithiation to the
total irreversible capacity, we first considered that the loss of reversible
capacity of the 60 wt% silicon electrode between the 3™ and the 120™
cycle accounted for 634 mAh g~ (see Figure 2b). Taking into ac-
count that the incomplete delithiation mainly affects silicon particles
at low degrees of lithiation, i.e., below roughly 25% state-of-charge
(compare Figure 5b), the maximum amount of immobilized lithium in
these particles is 159 mAh g=!; (= 0.25 x 634 mAh g~',;). Compar-
ing this number to the total irreversible capacity of 2.47 Ah g~!,, after
120 cycles shown in Figure 3 yields a contribution of less than ~6.4%.
With decreasing silicon content and improved electrical conductivity
within the electrodes (compare Figure 6b) this value is expected to de-
crease further. As a result, despite its harmful impact on the reversible
capacity, the irreversible capacity caused by incomplete delithiation
of the silicon particles displays only a minor contribution compared
to irreversible capacity caused by the continuous electrolyte decom-
position at the silicon/electrolyte interface.

Estimation of the electrode pore clogging upon cycling.—The
sheer extent of the electrolyte consumption shown in Figure 7 sug-
gests that the SEI on silicon is less a conformal surface layer formed in
the initial cycles that evenly surrounds the silicon particles, but instead
an increasingly thick and electrically insulating matrix (see above dis-
cussion and Figure 6b) that penetrates the entire porous electrode
structure. For that reason, we decided to modify the approach of cal-
culating the number of monolayers that are formed on the electrode’s
surface, which was recently reported by Jung et al.!' and Pritzl et
al.,* and characterize the electrolyte decomposition products by an
average density rather than an average area defined by a C-C single
bond length and thus also take into account the reduction of previ-
ously evolved CO, gas. To quantify how much SEI volume the SiG
electrodes could accommodate before being entirely clogged by elec-
trolyte decomposition products, we will present in the following an
estimate of the relative SEI volume after 120 cycles and compare it
to the pore volume of the pristine electrodes. Starting from the elec-
trode properties shown in Table I, we first calculate the absolute pore
volumes Vpr of the different electrode compositions, according to
Equation 8§,

Vporezd'A'8 [8]

where d is the pristine electrode thickness (see Table I), A is the
electrode area (1.54 cm?), and ¢ is the electrode porosity (see
Table I). As can be seen from Table II, the resulting pore volumes in-
crease with decreasing silicon content from 1.54 L (~1.00 pL cm™2)
for the 60 wt% electrode to 3.26 pL (2.21 pL cm™2) for the 20 wt%
silicon electrode, due to the increase of the electrode thickness from
~15 to ~30 wm at nearly similar electrode porosities (~67-73%, see
Table I).

In the next step, we approximate the mass of the SEI mygg from
Equation 9 by taking into account the FEC consumption nggc deter-
mined by post-mortem '"F-NMR analysis. Herein, we assume that
the SEI has an equivalent mass as the preceding FEC decomposition
product mggc,. In addition, we correct the molar mass of FEC (Mpggc
= 106.05 g mol~") by the molar mass of four lithium atoms (M;; =
6.84 g mol ") that are also incorporated into the SEI compounds (e.g.,
LiF or Li,0),'! leading to an effective molar mass Mg, of the FEC
decomposition product of 133.41 g mol~'.

Mgsgr = Mrgper = Npec - Mrpc [9]

Building up on this, we can further calculate the SEI volume Vg,
as described by Equation 10, thereby assuming an average density pgg;
of 1.4-1.8 g cm~? for the SEL This value is a very rough zero order
estimate based on the densities of the different SEI compounds, in-
cluding ~50% of inorganic compounds, inter alia LiF (2.64 g cm™),
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Figure 10. Estimated relative SEI volume defined by the fraction of pore
volume of the pristine silicon-graphite electrodes which is occupied by FEC
decompositions products. The values were calculated from a zero-order esti-
mate based on the FEC consumption from '*F-NMR. The SEI volume was
calculated based on an average density of 1.6 g cm™> for the FEC decom-
position products. The error bars represent a variation in the density between
1.4-1.8 gecm™3.

Li,COs3 (2.11 g cm™3), Li,O (2.01 g cm™), and ~50% organic com-
pounds, such as lithium alkoxides (~1.0 g cm~?), which are typically
observed via for cycled silicon electrodes in FEC-containing elec-
trolyte by XPS spectroscopy.’—2

mser

Vser = [10]

PsEr
Finally, we divide the SEI volume Vg by the pore volume V. of
the pristine electrodes by using Equation 11 to obtain the relative SEI
volume vgg;, which gives us an impression of the fraction of the origi-
nal pore volume that would be occupied by electrolyte decomposition
products after 120 cycles.

VSEI
V]mre

User = [11]

Figure 10 shows the resulting zero order estimates of the relative
SEI volumes normalized to the pore volume of the pristine electrodes.
While this very simple approximation does not include the swelling
of the electrodes over the course of cycling, it nonetheless provides
a semi-quantitative measure of the volume of the electrolyte decom-
position products and how it compares to the initially available void
volume of the SiG electrodes. A comparison of the different electrode
compositions in Figure 10 reveals a strong dependence of the relative
SEI volume after 120 cycles on the silicon/graphite ratio, decreasing
with decreasing silicon content from ~280% to ~100%. This grant-
edly simple estimate provides a reasonably convincing argument that
the FEC decomposition products after 120 cycles would have to lead
to an essentially complete pore blocking in the case of the 20 wt%
silicon electrode and could not even be accommodated in the 60 wt%
silicon electrode. Therefore, considering that about three quarters of
the accumulated irreversible capacity occur within the first ~45 cy-
cles (see Figure 8a), and given that the SEI formation is proportional
to irreversible capacity, we can assume that without any changes in
electrode morphology and thickness, all ionic pathways would be
filled by electrolyte decomposition products after less than 45 cy-
cles. However, as our results from galvanostatic cycling clearly prove
a residual reversible capacity of ~70% after 120 cycles for the 60
wt% silicon electrode (see Figure 2), we conclude that the electrodes
must significantly swell upon cycling in order to increase the avail-
able pore volume and thus facilitate the accommodation of the FEC
decomposition products while simultaneously conserving the ionic
conduction pathways. These conclusions agree well with the thickness
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Table II. Pore volumes of the pristine electrodes and calculated SEI volumes after 120 cycles, based on the FEC consumption after 120 cycles
nrpgc determined by post-mortem 1’ F-NMR. The SEI volume was calculated based on an average density of 1.6 g cm~3 for the FEC decomposition

products.

Electrode composition
Measures Units SiG (60:10) SiG (50:25) SiG (35:45) SiG (20:65)
Electrode pore volume V)4, wL 1.54 1.79 2.32 3.26
FEC consumption after 120 cycles nrgc mol 53 38 37 41
Mass of FEC* precipitates mrgcs mg 7.1 5.1 4.9 5.4
Absolute SEI volume Vgg; nL 4.4 3.2 3.1 34
Relative SEI volume % 285 179 133 104

measurements and cross-sectional SEM images of cycled silicon elec-
trodes reported by Mazouzi et al.”?

Obrovac and co-workers measured the coating thickness of Si-
alloy/graphite composite electrodes in their fully lithiated state and
found that the entire coating expanded by about ~96%, which
was very similar to the expected expansion of the lithiated Si-alloy
(~115%)." Interestingly, the porosity of these electrodes remained
nearly the same as in the delithiated state, leading them to the con-
clusion that the pore size expands by the same amount as the silicon
particles. Transferring these observations to our electrodes, the sili-
con particle volume increase of about 280% upon full lithiation would
result in an additional pore volume of 60-170% (e.g., 60 wt% silicon
x 280% expansion = ~170% additional pore volume), depending on
the electrode composition. As the pores are increasingly filled by de-
composition products upon cycling, they likely cannot shrink back to
their initial volume when silicon is delithiated. Hence, the electrode
thickness will increase continuously, in particular during the silicon
particle degradation phase, where electrolyte decomposition and sub-
sequent SEI growth are strongest. In contrast, a higher graphite content
of the composite electrodes increases the total pore volume and simul-
taneously improves the electrode conductivity with graphite acting as
an electrically conductive backbone.

Cycle life dependence on the electrolyte amount.—Besides the
electrode morphology, the amount of SEI-forming additives in the
electrolyte also plays a crucial role for the cycling performance
of silicon-based electrodes. Thus it was shown that a rapid ca-
pacity drop can be observed for silicon based anodes at the point
where the capacity-stabilizing FEC additive was found to be depleted
quantitatively.'!*> As in commercial-scale Li-ion batteries the elec-
trolyte amount is in the order of ~5 WL ¢cm~2 and thus much smaller
compared to typical lab-scale measurements (~85 WL cm™ for our
coin cells), the available moles of FEC per mass of silicon are sub-
stantially lower in commercial-scale cells, so that the expected cycle
life of silicon-based electrodes in commercial-scale cells should con-
sequently be much shorter.!' To quantify this difference, we approxi-
mate the number of cycles prior to FEC depletion of SiG electrodes in
lab-scale versus commercial-scale cells by considering the constant
ratio of the FEC consumption nggc and the irreversible capacity loss
> Q- (see Table I). Assuming a commercial-scale cell using 5 pL
cm~2 electrolyte with 20 wt% FEC additive and our lab-scale cells
using 85 L cm~2 electrolyte with 5 wt% FEC additive, we use Equa-
tion 12 to first determine the absolute amount of FEC n'?}, in the two
electrolytes.

Vel :

tot —
Nppe =

Pet -
MEec

where V,, is the electrolyte volume, p,; is the electrolyte density
(~1.19 g cm™3), xpgc is the mass fraction of FEC in the electrolyte,
and Mpgc is the molar mass of FEC (106.05 g mol™'). Accordingly,
the commercial-scale cell would contain ~11 wmol cm~2 of FEC,
whereas the lab-scale cells tested in this work contain ~48 pmol
cm~? of FEC, i.e, the ~5-fold amount. In the next step, we use the
inverse of the constant ratio of the FEC consumption nggc to irre-
versible capacity loss Y Q;,, (in units of wmolggc Ah™',,, calculated

XFEC

[12]

by Equation 6, shown in Table I) to calculate the maximal irreversible
capacity Y Q' that corresponds to a total depletion of FEC from
the respective electrolytes, according to Equation 13,

Qirr 1
) 2 Qi 1

msg;

where my; is the mass of silicon in the electrode (in mgg; cm™2), and
n'%c is the total amount of FEC per cm? electrode area (umolpgc
cm~?). Table III summarizes the maximal irreversible capacities
> Q¥ of the various silicon-graphite electrodes in either lab-scale
cells or in commercial-scale cells. To forecast the number of cycles
until the depletion of FEC, we can compare the accumulated irre-
versible capacity versus cycle number in Figure 8a with the maximal
irreversible capacity until FEC depletion (in units of Ah,, g*l si) listed
in Table III for both cell formats. For the commercial-scale cells,
this analysis suggests that FEC would already be consumed within
the first ~20-30 charge/discharge cycles. In contrast, the number of
cycles prior to FEC depletion predicted for our lab-scale cells sub-
stantially exceeds the here tested 120 cycles (at this point, £ Qj.s; in
Figure 8a is still much below the projected estimated maximal irre-
versible capacity given in Table III). That FEC, as predicted, is not
depleted after 120 cycles in our lab-scale experiments is confirmed
by our post-mortem 'F-NMR measurements, which show a residual
FEC content of >1.2 wt% in the electrolyte (originally 5 wt%) after
the 120 cycles.

Thus, we conclude that the lifetime of silicon-graphite electrodes
in commercial-scale cells with a reasonably sized positive electrode
would be limited by the amount of FEC in the electrolyte, rather than
by the degradation of the electrode structure. These findings highlight
again the importance of an effective SEI on silicon-based electrodes
and the need for a proper quantification of the electrolyte consumption.
Therefore, we recommend that future investigations of silicon-based
electrodes in lab-scale cells should take into account the actual FEC
consumption in molggc and to compare this to the FEC inventory in
commercial-scale cells. As our results from '*F-NMR analysis reveal
an almost constant ratio of the consumed FEC nggc to cumulative irre-
versible capacity Y Q;,, of 11.5-13.1 pmolggc mAh~!;,, Equation 14
can be used as an approximation to assess the FEC consumption from
battery cycling. We would like to note that this relation is only valid
for cell chemistries that do not have further electrolyte decomposi-
tion reactions at the positive electrode, e.g., LiFePOy, and involve
two constant voltage steps. If the cycling protocol does not include
any constant voltage steps, the ratio rpgc of the consumed FEC npge
to total irreversible capacity > Q;,, approaches the four electron re-
duction mechanism of FEC, which was reported by Jung et al.,!!
corresponding to a value of 9.4 & 0.4 umolggc mAh~!;,.5

Nrec = VrEC * E Qirr

max __  tot
irr

= "FEC

[13]

nrec

[14]

Conclusions

In this study, we presented a comprehensive approach to un-
derstand the degradation phenomena in silicon-graphite electrodes
with different graphite/silicon ratios (20-60 wt% silicon) and areal
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Table III. Maximal irreversible capacity and forecasted cycle life of silicon-graphite electrodes calculated for typical lab-scale and commercial-
scale cells. The upper segments provide the specifications of the various SiG electrodes as well as the measured FEC consumption per accumulated
irreversible capacity over 120 cycles (taken from Table I). The middle and the lower segments provide the estimated number of cycles for lab-scale

and commercial-scale cells by which the available amount of FEC will be consumed.

Electrode composition

Measures Units SiG (60:10) SiG (50:25) SiG (35:45) SiG (20:65)
Silicon-graphite electrode specifications

Silicon content % 60 50 35 20
Silicon loading mgg; cm ™2 0.64 0.47 0.46 0.43
FEC consumption per irr. capacity pwmol mAh~ !, 13.0 12.3 11.5 13.1
Lab-scale cell (85 WL cm™7 electrolyte with 5 wt% FEC additive)

Maximal irreversible capacity Ahyy g7 15 5.8 8.3 9.1 8.4
Cycle lifetime acc. Figure 8a # >120 >120 >120 >120
Commercial-scale cell (5 wL cm™2 electrolyte with 20 wt% FEC additive)

Maximal irreversible capacity Ahjy g_1 Si 1.4 1.9 2.2 2.0
Cycle lifetime acc. Figure 8a # 20 25 30 25
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