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. ABSTRACT
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;;" Calculations and modeling have shown that replacing the traditional graphite anode with silicon can
26 greatly improve the energy density of lithium-ion batteries. However, large volume change of silicon
;é particles and high reactivity of the lithiated silicon when in contact with the electrolyte leads to rapid
29 capacity fading during charging/discharging processes. In this report, we use specific lithium silicides (LS)
2(1) as model compounds to systematically study the reaction between lithiated Si and different electrolyte
32 solvents, which provides a powerful platform to deconvolute and evaluate the degradation of various
33

34 organic solvents in contact with the active lithiated Si electrode surface after lithiation. Nuclear magnetic
22 resonance characterization results show that a cyclic carbonate such as ethylene carbonate is chemically
37 less stable than a linear carbonate such as ethylmethyl carbonate, and fluoroethylene carbonate, and
;g triglyme as they are found to be more stable when mixed with LS model compounds. Guided by the
40 experimental results, two EC-free electrolytes are studied, and the electrochemical results show
41

42 improvements with graphite-free Si electrodes relative to the traditional ethylene-carbonate based
43 electrolytes. More importantly, the study contributes to our understanding of the significant fundamental
44

45 chemical and electrochemical stability differences between silicon and traditional graphite lithium-ion
j? battery (LIB) anodes and suggests a focused development of electrolytes with specific chemical stability
48 versus lithiated silicon which can passivate the surface more effectively.
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I. INTRODUCTION

The development of next-generation lithium-ion batteries with higher density and energy efficiency
has become one of the main challenges in modern electrochemical materials research with the increased
demands of the rapidly emerging electric vehicle markets and next-generation portable electronic devices.
One effective way to gain higher cell capacity and energy density is to replace the traditional graphite
anode with higher capacity materials such as the Si anodes, with theoretical capacity (~3600 mAh/g) 10
times higher than that of graphite (~370 mAh/g)!4. In addition to its electrochemical properties, silicon is
inexpensive and earth abundant, making it a viable replacement for carbon anodes!. Despite numerous
advantages of Si anode materials, in practice, Si anodes suffer from several physical disadvantages
including large volume change (up to 400%) during the charging-discharging cycling, and formation of
various highly reactive lithium silicides (LS) as charged intermediates that contain highly reactive Si,?
and/or Si* anions that have been reported to react with and reduce the commonly used binders and
electrolyte components.”® This consequential disintegration of the anode electrode structure and the
instabilities it brings to the solid-electrolyte interphase (SEI) leads to the continuous active Li loss as well
as continuous decomposition/depletion of electrolytes, a main cause of rapid capacity fade in Si
electrodes! 4 1912, One potential solution is to engineer the active silicon materials by synthesizing nano-
scale materials or porous structures, or by embedding the silicon in a Si-carbon composite, hollow carbon
sphere, or within Si-metal alloys. These strategies also help release particle strain and avoid fractures
during the lithiation/delithiation process.* 315 Additionally, the stabilization of the silicon anode via the
formation of stable Li—-M-Si ternaries is an alternative to mitigate the high reactivity of lithium silicides
causing electrode degradation and long term cyclability issues. In our previous study, we used inorganic
compounds as a secondary salt (such as 0.1 M M(TFSI), (M = Mg, Zn, Al and Ca)) in a traditional
electrolyte leading in situ formation of Li—-M-Si ternaries, which effectively lowers the reactivity of
lithiated silicon with electrolyte, binder and other cell components, reducing side reactions and Li loss
which then, enables stable cyclability and calendar life with a higher coulombic efficiency .

Another approach is to use binders that contain carboxy groups, such as carboxymethylcellulose
(CMQ), polyacrylic acid (PAA), and lithiated PAA (LiPAA), which are less reactive in contact with the
charged Si anodes and are thought to exhibit a self-healing effect upon local structure damage particles '’
20, At the same time, many researchers are working on the development of Si-anode-compatible
electrolytes that can form a stable and elastic SEI to withstand the large volume fluctuations during the
cycling. The most studied electrolyte additives for Si-based electrode are fluoroethylene carbonate (FEC),
vinylene carbonate (VC), lithium bisoxalatoborate (LiBOB), succinic anhydride (SA), and methylene-
ethylene carbonate (MEC) which have been noted to change the chemistry and structure of the SEI to
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stabilize the SEI layer and improve the capacity retention of Si anodes.?'® Alternatively, replacing the
most reactive solvents in the solvent mixture, such as ethylene carbonate (EC), with some less-reactive
solvents, such as methylene-ethylene carbonate (MEC) and FEC in the electrolyte, has been evaluated as
an alternative to extending the performance of this anode system. 2> 27- 28 Despite the large amount of
studies focused on the designing of new electrolytes and understanding decomposition products of EC
and FEC solvents for silicon anodes 2% 3% 3! there is limited understanding available that describes the
reactivity and degradation mechanism of different electrolyte solvents in contact with the amorphous or
crystalline LS formed during the lithiation of Si anodes, which is one of the main causes of inefficiencies
related to Si anodes. !¢ This lack of a complete understanding is due to the complexity of different
battery components (including binders, salts, solvents, etc.) in contact with the lithiated Si electrodes and
causing the formation of various compounds in the SEI layer.

In this study, we investigated the potential chemical reactions between LS model compounds and
different relevant and commonly used electrolyte solvents, including EC, ethylmethyl carbonate (EMC),
triglyme (TG), and FEC, with two different salts, LiPF4 and LiTFSI, to stabilize the lithiated Si anodes in
Li-ion batteries. To deconvolute the LS-electrolyte interactions from the reaction between charged Si
anode and other battery components, we synthesized crystalline LS with the intermediate stoichiometry of
Li;Si; as a model compound (the dominant phase near 300mV vs. Li) to directly interact with the organic
solvent via physical mixing in an inert atmosphere. We believe this approach is crucial to understand the
interaction and reactivity of lithium silicides and electrolyte/electrode components and a key step for their
optimization studies.

Among all the tested solvents, EC was found to be the most reactive in contact with LS, while TG,
EMC, and FEC were found to be noticeably less reactive. This suggests EC as a contributor, causing the
most severe degradation issues when charging the Si anode to low (even moderate anode) voltages.
Guided by this result, we studied three groups of EC-free electrolytes, which consisted of EMC and TG
with LiPF¢ and LiTFSI. Although electrolytes with EMC and LiPF, exhibit fast capacity decay, both new
electrolyte systems with LiTFSI show higher capacity and better stability than the EC-containing
electrolytes in the electrochemical tests on Si electrodes. However, in contrast to the more stable EMC-
based electrolyte, a continuous TG degradation in the TG-based electrolyte is observed particularly if the
Si electrodes were completely lithiated down to 10 mV vs. Li.

While silicon anodes as lithium ion battery materials might require tailored electrolyte and binder
systems optimized for silicon composition, surface and morphology, it is clear that a model-system
approach is the most suitable way to achieve this optimization. This work explores and demonstrates a
new and powerful model-compound based method to screen and study the potential electrolyte solvents

specific to Si anodes in Li-ion batteries.
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II. EXPERIMENTAL SECTION

II.A. Material Preparation.

LS with a Li:Si stoichiometry of 7:3 was synthesized from a stoichiometric mixture of the elements
using pure Li (high purity alloy grade from Livent Corp.) and pure Si (325 mesh 99% purity from Sigma
Aldrich). Smaller particle silicon was evaluated but had a higher percentage of passivating surface silica
that carried thru as additional impurities to the reaction products. The mixture was first heated to 750 °C
in a covered Ta container held for 1 h, then slowly cooled to 700 °C and quenched to room temperature.
Freshly prepared LS was ground in an agate mortar and pestle for 5 min in the Ar glovebox (with O, and
H,O levels below 0.5 ppm) before mixing with different electrolyte solvents. The solvents, including EC,
EMC, TG, and FEC, were all purchased from Sigma Aldrich. For reference, no physical changes were
observed for the mortar and pestle after mixing LS with solvents. In comparison, when the fresh LS
powder was filled into ZrO, NMR rotor, the part in direct contact with the fresh powder became blackish

after the overnight experiment, demonstrating that the fresh LS is very reactive. '¢

II.B. Chemical and Structural Characterizations.

MAS-NMR experiments were performed at 7.02 T (300 MHz) on a Bruker Avance III HD
spectrometer operating at a Larmor frequency of 44.21 MHz. "Li spectra were acquired with a rotor
synchronized echo pulse sequence (90°-1-180°-t-acq), where t= 1/v,. A /2 pulse width of 2.5 us was
used with sufficiently long pulse recycle delays of 15 s. The spectra were referenced to 1 M LiCl aqueous
solution at 0 ppm. 'F spectra were also acquired with a rotor synchronized echo pulse sequence
(90°-1-180°-1-acq), where 1= 1/v,.. A /2 pulse width of 2.5 us was used with sufficiently long pulse
recycle delays of 30 s. The spectra were referenced to hexafluorobenzene at 0 ppm. 2°Si spectra were
acquired with a single pulse measurement, with sufficiently long pulse recycle delays of 1 s. The spectra
were referenced to tetramethylsilane at 0 ppm. The "H— '3C cross polarization spectra were acquired at
10kHz with 4ms contact time and 2s pulse delay. TMS was used as a reference at 0 ppm.

X-ray diffraction (XRD) were acquired using Bruker D8 Advance diffractometer equipped with Cu—
Ka radiation source (A = 1.5418 A). The powders were packed onto the sample holders and sealed using
the X-ray transparent Kapton tape inside of the glovebox. The XRD data were processed using Bruker
DIFFRAC.SUITE EVA software.
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Scanning electron microscopy (SEM) images were taken using a Hitachi S-4700-1I microscope in the
Center for Nanoscale Materials (CNM) of Argonne National Laboratory, with the operation voltage of 20

kV. The synthesized LS powders were directly sprayed onto the conductive carbon tape for the imaging.

I1.C. Electrochemical Testing.

For this study 2032-type coin cells were used to test the electrochemical performance of Si electrodes.
The graphite-free high-Si concentration electrodes (Si+LiPAA electrodes) were prepared by Argonne's
Cell Analysis, Modeling and Prototyping (CAMP) Facility. Cu foil was used as the current collector and
was laminated with a slurry containing 80 wt% commercial silicon powder, 10 wt% carbon additive
(C45), and 10 wt% Lithium Polyacrylate (LiPAA) binder, mixed in distilled water. To deconvolute the
reactions of binder material demonstrated previously,?? from the electrolyte stability in contact with the
lithiated Si, we also prepared binder-free loose-powder Si electrodes consisting 60 wt% Si and 40 wt%
C45. In half-cell tests, the negative electrodes were Li metal and the positive electrodes were the Si
electrodes (with or without binders). Various electrolytes were used in this paper, with their compositions

listed in Table 1. Celgard-2325 was used as the separator.

Table 1. Receipts of electrolytes used in the electrochemical tests.

Notation Components

Gen2 1.2 M LiPFq in a 3:7 mixture of EC and EMC

GenF Gen?2 electrolyte + 10 wt% FEC

TGLi I M LiTFSIin TG

TGLiF TGLi electrolyte + 10 wt% FEC
EF 1 M LiTFSI in EMC+ 10 wt% FEC
EEF 1 M LiTFSI in a 3:7 mixture of EC and EMC + 10 wt% FEC
LE 1.2 M LiPFg in EMC
LEF LE electrolyte + 10 wt% FEC

III. RESULTS AND DISCUSSIONS

LS model compound with the stoichiometry of Li,Si; was synthesized to simulate the direct chemical
interaction between electrolyte solvents and charged Si anodes. The stoichiometry was chosen as it
represents the most thermally stable compound in the phase diagram therefore easy to handle, mimics the
active electrode material near 300mV, and is capable of being either oxidized (to Li;;Si;) or reduced to
Li;3Siy to allow for various reaction mechanism options to be observed. The SEM images of as-made LS
can be found in Figure S1. As reported previously, the XRD results of the pristine LS powder show that

the LS powder also contains a small percentage of the Li;,Si; phase which probably arose due to Li loss
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during the synthesis process.!® In addition, it should be noted that although XRD is only sensitive to
crystalline phases and actual lithiated species formed during the charging of Si anodes could be
amorphous LS, 233 previous solid-state NMR studies have shown that the local Li chemical environment
in amorphous LS is comparable to those in the crystalline LS. 3 35 Particularly, the Li;Si; and Li;,Si;
phases are similar to the LS formed after charging down to ~ 0.1 V vs. Li 3436, Therefore, pristine LS
synthesized in this work is estimated to be a good model system to simulate the reactions of electrolyte
solvents with intermediate-stage charged Si anodes.

To study the interactions between lithiated Si electrodes and different electrolyte solvents, pristine LS
powders were soaked into FEC, EMC, and TG, respectively, with the volume ratio of 1:1. The mixtures
were then packed into the ZrO, rotor for NMR measurements. In the case of EC, since it is solid at room
temperature, the solid EC and LS powders were added into the NMR rotor consequently, and then heated
up to 325 K inside the NMR probe under MAS to melt the EC and let it fully react with LS powders. The
7Li NMR spectra of the initial LS + EC solid mixture at 298 K (room temperature), the mixture heated up
to 325 K, and the mixture cooled back to 298 K can be found in Figure S2 in the SI. The effect of
elevated temperature on reactivity and lithium NMR shifts are discussed in more detail in Supplemental
Information. Compared with the pristine LS sample, a large positive change in chemical shift of 2 ppm
can be found after mixing LS powders with solid EC, representing the loss of Li* from the bulk of LS
structures consistent with the trends in Li NMR signatures of Li;Si; and Li;,Si; phases. % 3* This shows
that the highly reductive LS is reactive enough to reduce solid EC and is delithiated through direct contact
after simple mixing and MAS process (at 10kHz spinning, mixing is enhanced). After heating the
heterogeneous mixture up to 325 K to melt the EC in situ and then cooling back to room temperature
(298K), another change in shift of 0.4 ppm can be observed compared with the initial mixture of Li;Si;
and EC. This smaller shift after heat treatment implies that although melting the EC can further delithiate
the Li,Si; presumably by increasing the contacting surface area, most of the delithiation happens during
the initial solid-solid contact between Li;Si; and EC prior to or during the MAS operation. For the
mixture of Li;Si; and other liquid solvents, including EMC, FEC, and TG, smaller changes in chemical
shifts in 7Li NMR spectra (see Figure 1a) are observed compared with the EC mixture, which are +1.2,
+0.5 and +0.1 ppm, respectively. Based on the lithium environment data of all the tested solvents in
contact with Li;Si3;, EC was found to be the most reactive. 2°Si NMR results shown in Figure 1b are also
consistent with these findings, where the mixture of Li;Si; and EC demonstrates the largest Si chemical
shift change (+12.5 ppm) among all the Li;Si;-solvent mixtures compared with the pristine Li;Si3. The
reaction between Li,;Si; and EC suggests any contact between EC and freshly generated lithiated silicon in
a Si anode can cause severe side reactions as well as formation of silicon dimers and clusters, even at

early charging stages, which were observed in previous studies. ' 2% 30.31 Meanwhile, other solvents lead
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to smaller chemical shifts in 7Li and 2°Si NMR after mixing with Li,Si;, implying they have better
chemical stability and therefore better stability in contact with the charged Si anode. Particularly, for the
mixing of Li;Si; with TG, there is almost no shift in ’Li NMR peak position compared with the pristine
Li;Si3, however a clear broadening can be found in the mixture. This means soaking Li,Si; in TG may not
be causing severe delithiation, as with EC and EMC, but trace lithium loss can result in distribution of
different lithium local environments resulting in a broader lithium peak. This is also consistent with the
notable chemical shift of the Li;Si; + TG mixture in the 2°Si NMR spectrum compared with the pristine
Li;Si;5 (see Figure 1b).

(@) Li MAS NMR

LS+FEC
LS+EMC | s+TG

LS pristing

30 20 10
Chemical Shift (ppm)

(b) 2°Si MAS NMR

LS+EMC
LS+TG _ LS+FEC

LS pristine

1 " 1 " 1
360 340 320
Chemical Shift (ppm)

Figure 1. (a) 'Li and (b) 2°Si MAS NMR spectra of pristine LS model compound and its mixtures with
TG, FEC, EMC, and EC, respectively, with the volume ratio of 1:1. The spectra were acquired at 10
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kHz using a 3.2 mm MAS probe at 298 K. The mixture of LS+EC was heated up to 325 K and then
cooled back to 298 K.

It must be noted that this study mostly focuses on reactivity of lithium silicides (as model system) only
with different solvents, where the effect of different salts on solvation is not studied in detail. However,
our initial studies on LS reaction with Gen2 electrolyte system also shows similar ’Li NMR shift behavior
with EC solvent, suggesting the changes are mostly due to solvent structure (Figure S3).

These changes observed in NMR peak positions are directly correlated with the chemical reactivity of the
solvent and lithiated silicon. Si-* anions in Li-Si Zintl phases are highly reactive and can act as pseudo-
nucleophiles attacking electrophilic sites in organic solvent molecules forming electrolyte decomposition
products in SEI. Possible electrochemical decomposition reactions of common solvents such as EC, EMC
and FEC have been covered in different studies '¢ 2% 2% 30 suggesting; FEC is reduced through the opening
of the five-membered ring leading to the formation of lithium poly (vinyl carbonate), LiF, and dimers all
via electrochemical processes. Linear carbonates, such as EMC, are electrochemically more stable than
cyclic carbonates due to lack of steric effects in closed membered rings. The reductive decomposition of
linear carbonates is a stepwise reaction consisting first reductive formation of -COO-R; and ‘R, followed
by hydrogen abstraction and radical annihilation.’’

In this study, we focus and emphasize the chemical reaction of the solvent molecule with the highly
reactive silicon in the absence electrochemical reaction starts, i.e before an electron is supplied to reduce
the organic molecule. Instead, the electron is supplied by the oxidation reaction of the Zintl phase.
Possible reactions of EC with silicon anions was shown in our previous report '¢ as given in Schemes 1
and 2;

Scheme 1. Proposed electron formation reaction
[Si-Si]* — > 2[Si]?

[Si]2 ——» 238 +[Si]?>?

Scheme 2. Proposed reaction for EC
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Based on similar spectroscopic observations after reacting with lithiated silicon, the reduction of FEC can

be summarized below in Scheme 3; 37-3°

Scheme 3. Proposed reaction for FEC
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On the other hand, TG exhibits higher cathodic stability towards the energized electrode surface: the
decomposition pathway mostly involves breakdown the R. and .O-(CH,CH,-0);-CH; (Scheme 4). Despite
the direct chemical stability of TG, stable SEI formers (such as LiF, Li,COs in inner layer, semi-
carbonates and PEO oligomers in outer layer etc.) for TG is explored in electrochemical tests below for

long-term electrochemical kinetic stability of TG.

Scheme 4. Proposed reaction for TG
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The reaction products of FEC and model sample Li,Si; were studied by 7Li and '°F solid state NMR.
23 As seen in Figure 2a with 7Li NMR, with the reaction of Li;Si; phase and FEC the lithium peaks slightly
25 shift to higher frequencies due to lithium loss consisttent with previous studies.® Formation of LiF is also
observed both by "Li and '’F NMR which suggests that the salt formation happens even at early stages of
28 charging of the silicon anodes. The additional peaks observed with 7Li NMR data after FEC interaction
are due to lithium bearing decomposition products and Li;,Si; (which is also seen in the pristine sample
31 and is due to synthesis impurities). '°F NMR of model Li;Si; and FEC mixture shows peaks for FEC and
33 LiF mainly. The broad peak at around -240 ppm can be due to fluorine atoms in saturated and unsaturated

34 aliphatic compounds shown in scheme 3 for FEC decomposition.

FEC
(b) 5F

LiF

48 *
49 IO

T ¥ T T T T T T T T T
51 60 40 20 ppm 0 20 40 0 -100 -200 300 pom 400 -500

53 Figure 2. (a) 'Li MAS NMR spectra of pristine Li;Si; (black) and its mixtures with FEC (red) (b) '°F
55 MAS NMR spectra of Li;Si; with FEC

58 11

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

According to the above NMR results it is shown that EC is far more reactive than TG, EMC (or a shorter
chain linear carbonate DMC, see Figure S4), and FEC in contact with lithiated Si, and Si* anions formed
are too reactive with any species they come in contact with. Therefore, a tailored electrolyte approach is
crucial for silicon anode systems, where solvent, binders or salts that are prone to nucleophilic are
minimized or not used at all. For example, if the electrolyte formulation with EC is non-passivating the
silicon electrode surface under electrochemical conditions, it is crucial to develop EC-free electrolytes or
reduce EC content, to minimize side reactions that will occur while new lithium silicide surfaces are
generated with cycling.

Previous studies on traditional graphite batteries have shown that EC is key in forming a stable SEI and
preventing the destruction of the layered structure of graphite electrodes*. To have a functional EC-free
electrolyte, the anode needs to be graphite free, such as a graphite-free Si-only anode. To test the
electrochemical reactivity and performance of EC-free electrolyte formulations in contact with the
lithiated Si electrodes, we performed electrochemical tests on both EC containing (i.e. Gen2, GenF and
EEF) and EC-free electrolyte systems (including the TG-based electrolytes TGLi and TGLiF, and the
EMC-based electrolytes EF, LE, and LEF in this work). TG-based electrolyte was tested first as TG led
the smallest change in ’Li MAS NMR chemical shifts after reacting with LS model compounds. Half-cell
electrochemical tests were first performed on binder-free and graphite-free drop cast loose-powder Si
electrodes, cycling between 1.5 and 0.01 V vs. Li first at C/20 for 3 formation cycles, then at C/3 for 7
aging cycles. As shown in Figure 3, in comparison with the commonly used Gen2 electrolyte with EC and
EMC, using carbonate-free TG-based electrolytes (TGLi and TGLiF) can effectively increase the capacity
of the Si electrodes by eliminating side reactions, particularly for the initial cycles. This is consistent with
our NMR observations showing that the TG is less reactive in contact with LS than EC, therefore more Li
can be inserted in and extracted out from the Si electrodes and less Li is lost during the initial cycles.
However, TG was not found to be totally inert during the Si (de)lithiation process at least for the
electrochemical windows selected. As shown in the insert plot in Figure 3a, with TGLi electrolyte, an
additional reducing plateau at ~0.45 V can be found in the first lithiation process. This plateau could be
related to the degradation of TG during the initial SEI formation process via electrochemical reactions. A
similar behavior was also observed in a study on Li-ion half cells with Si with a LiTFSI/TG electrolyte by
Wu et al 4. This plateau disappears in the second lithiation cycle, as shown in the inserts in Figures 3b
and 3c, indicating the reaction with TG is greatly suppressed after the initial SEI forms. Gen2 and TGLi
electrolytes show similar coulombic efficiency of ~90% over the C/3 aging cycles, indicating similar
lithium loss caused by the SEI formation and side reactions. To further stabilize the electrolyte and SEI

layer during the charging/discharging process, FEC was added to have GenF and TGLiF electrolytes.
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After adding FEC, both Gen2 and TGLi systems show much improved coulombic efficiencies of ~95%
during the C/3 aging cycles, implying that FEC can be used to stabilize the SEI formation in both EC-
based and TG-based electrolytes. Adding FEC to TGLi electrolyte also suppressed the reducing platform
at ~0.45 V in the first lithiation cycle (see the inset of Figure 3a), which also indicates that FEC can help
to reduce the potential degradation of TG and therefore stabilize the SEI formation in TG-based
electrolyte. Despite the similar coulombic efficiencies between EC-based and TG-based electrolytes (with
or without FEC additives), faster capacity losses can be observed when using TG-based electrolyte (TGLi
or TGLiF), as shown in Figures 3d and 3e. During the 7 aging cycles, TG-based electrolyte led to
capacity losses of ~40%, while the capacity losses are only ~25% for Gen2 and ~5% for GenF

electrolytes.
(a) (b) (c)
1st Cycle 15 2nd Cycle 15 3rd Cycle 15
15 15 15
Gen2 Gen2
GenF 1.0 SenF 10 GenF 1.0
TGLIF i TGLiF
s TGLi . < . < TGLi .
1.0 0.0 210 00 210 00
-] 200 400 ;!-fa 0 200 400 ;-fa 0 200 400
S 3 3
=05 05 )5
0.0 0.0 0.0
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
Capacity (mAh/gg;.c) Capacity (mAh/gg;.c) Capacity (mAh/gg.c)
(d) Half Cell 0.01 - 1.5 V, 3XC/20+7XC/3 (e) Half Cell 0.01 - 1.5V, 3XC/20+7XC/3 (f) Half Cell 0.01 - 1.5 V, 3XC/20+7XC/3
_;ﬁ 4000 ’QE; 4000 110
é g e GenF
£ E & 100 Gen2
> >
-'é 3000 § 3000 .g %
3 3 5
[+]
< c o 80
S 2000 S 2000} . E
@ o 2
£ £ 3 70
.
1000 1000 60
1 3 5 7 9 1 3 5 T 9
Cycle Cycle

Figure 3. Half-cell loose-powder electrochemical test results, with the Si:C mass ratio of 3:2. The
Gen2 and TGLi electrolytes as well as their mixing with 10% FEC as the additive were used in the
electrochemical tests. The charge and discharge curves of the 1%, 2", and 3™ cycles are shown in panels (a)-
(c), respectively. The inserts are the zoom-ins of the initial charging/discharging stages. The lithiation and
delithiation capacities as well as the coulombic efficiencies over cycles are shown in panels (d)-(f). The
capacities are normalized by the mass of silicon. The cells were cycled from 0.01 to 1.5 V, first at the rate
of C/20 for 3 formation cycles, then at the rate of C/3 for 7 aging cycles. The cells were held at 0.01 V
until the current is below C/100 at the end of each lithiation process to accelerate the aging effect. Error

bars represent the standard deviation of at least three measurements for each sample.
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To explore the influence of the lithiation degree of Si electrodes on the stability of electrolyte, we
changed the lithiation voltage from 0.01 to 0.05 V to reduce the total amount of lithium insertion into the
loose-powder Si electrodes. As shown in Figure S6 in the SI, under the milder lithiation process down to
0.05 V, the TGLi electrolyte shows much higher capacity retention (~80%) over 7 aging cycles with
much higher coulombic efficiencies (~98.5%) for each aging cycle, which performs much better than the
0.01 V TGLi case and similarly to the 0.05 V GenF case. After electrochemical aging with TGLi
electrolyte at different voltage ranges, the Si electrodes (having been delithiated at 1.5 V) were taken out
and rinsed by dimethyl carbonate (DMC) gently, then the loose powders on the Cu foil were scratched
down for NMR characterizations. As shown in the ’Li NMR spectra in Figure 4a, a lower cut-off voltage
of 0.01 V for the Si electrode lithiation process leads to the formation of a new ’Li peak at ~10 ppm
compared with that lithiated down to 0.05 V, which represents low-Li concentration LS. This means when
the lithiation voltage is down to 0.01 V, more Li,Si was left (i.e. more Li was trapped) in the Si electrode
after 10 cycles (ended with delithiation up to 1.5 V) compared with that lithiated down to 0.05 V. This is
consistent with the electrochemical test observations on Si half cells cycled in TGLi electrolyte down to
0.01 V which caused more capacity loss and lower coulombic efficiencies than that cycled down to 0.05
V. '"H/"3C Cross Polarization NMR (Figure 4b) demonstrate that the reaction between TG and lithiated Si
electrodes decomposes TG into ethylene glycol, methanol, and other small organic compounds. This
shows, although TG shows better stability than EC in contact with Li;S; in NMR measurements, in real

applications, TG will still degrade in contact with Si electrodes lithiated down to practical voltages.

(a) "Li MAS NMR (b) *C MAS NMR
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Figure 4. (a) "Li and (b) 'H-coupled *C MAS NMR spectra of Si loose powders after cycling between
either 0.01 to 1.5 V or 0.05 to 1.5V for 10 cycles in the TGLi electrolyte. The spectra were acquired at 65
and 20 kHz, respectively, using a 1.3 mm MAS probe.
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In addition to adding FEC in the electrolyte, another way to mitigate the continuous SEI formation on
Si electrode over cycles is to constrain the Si powders using strong binder materials'®!°. With the help
from Argonne's Cell Analysis, Modeling and Prototyping (CAMP) facility, we were able to make large-
scale graphite-free Si laminations with 80 wt% high Si concentration and 10 wt% LiPAA binders, which
could provide more accurate and reproducible electrochemical measurements on the influence of different
electrolytes. Using these high-Si-concentration electrodes with LiPAA binders, we re-measured the half-
cell electrochemical performance using different electrolytes. As shown in Figure 5, similar to the loose-
powder electrodes, the Si+LiPAA electrodes also show much higher initial capacity in TG-based
electrolytes (TGLi and TGLiF) than in EC-based electrolytes (Gen2 and GenF), demonstrating, that the
less reactive TG solvent enables more Li insertion/extraction during the charging/discharging processes.
At the same time, compared with the loose-powder electrodes, adding binders and reducing carbon
concentrations in Si+LiPAA electrodes lead to worse ionic and electric conductivities. As the results
show, higher capacity drops between the last C/20 formation cycle and the first C/3 aging cycle can be
observed on Si+LiPAA electrodes than on loose-powder Si electrodes no matter which electrolyte was
used, implying a higher impedance and a worse rate performance. The additional plateau observed at
~0.45 V in loose-powder measurements (Figure 3a) during the first lithiation in TG-based electrolytes
disappeared in Si+LiPAA cases (Figure 5a), indicating the LiPAA binder could further reduce the side
reaction of TG degradation particularly during the initial lithiation process. As shown in Figures 5d and
Se, the electrochemical data with TGLiF electrolyte demonstrates almost twice the lithiation/delithiation
capacity with higher capacity retention during the aging cycling (65% over 7 cycles) compared with the
GenF electrolyte (46% over 7 cycles) on Si+LiPAA electrodes.

Here we further extended the C/3 aging cycling to 100 cycles, as shown in Figure S6. After 100 C/3
cycles, the Si+LiPAA electrode still shows a high delithiation capacity of 188 mAh/gs; with the
coulombic efficiency of 99.5% in TGLiF electrolyte, much better than the GenF electrolyte with the
delithiation capacity of 84 mAh/gg; with the coulombic efficiency of 98.6%. On the other hand, the TGLi
electrolyte shows similarly high capacity to the TGLiF electrolyte during the initial C/20 formation cycles,
however its capacity drops much faster during the C/3 cycling (33% capacity retention over 7 aging
cycles), and the coulombic efficiency jumps higher than 100% after 12 cycles (see Figure S6c), indicating
severe TG degradation during long cycling. This means compared with the loose-powder Si electrodes, on
Si+LiPAA electrodes with higher Si concentrations, the stabilization effect of FEC becomes more critical

for the TG-based electrolytes.
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Figure 5. Half-cell electrochemical test results on Si+LiPAA electrodes. Gen2, GenF, TGLi, TGLiF,
EF, and EEF were used in the electrochemical tests. The charge and discharge curves of the 1%, 2", and
3" cycles are shown in panels (a)-(c), respectively. The lithiation and delithiation capacities as well as the
coulombic efficiencies over cycles are shown in panels (d)-(f). The capacities are normalized by the mass
of silicon and carbon additive. The cells were cycled from 0.01 to 1.5 V, first at the rate of C/20 for 3
formation cycles, then at the rate of C/3 for 7 aging cycles. The cells were held at 0.01 V until the current
is below C/100 at the end of each lithiation process to accelerate the aging effect. Error bars represents the

standard deviation of at least three measurements for each sample.

In addition to TG-based electrolytes, we also tried EMC-based EC-free electrolyte, EF, which contains
only EMC and FEC as the solvent. LiTFSI is used as the salt in EF electrolyte and LiPF¢ is used in
LE/LEF electrolytes, to make a good comparison with TG-based electrolyte. To test the potential
influence of changing the salt from LiPF4 to LiTFSI, we also prepared a new baseline electrolyte EEF
(LiTFSI dissolved in EC, EMC, and FEC) to compare with the traditional LiPF4-based GenF electrolyte.
The half-cell results of LE and LEF electrolytes are shown in Figure S6. Interestingly, the cells with LE
electrolyte exhibit extremely fast capacity fading in the initial cycles and could not operate over 5 cycles.
Cells with LEF electrolyte are slightly better but the capacity drops to zero within ten cycles. The results
clearly indicate that LE and LEF are not viable electrolytes for Si anodes. It is probably because of the
incompatibility between LiPFs and EMC, which is reflected by the fact that LiPF¢ was hard to dissolve
into EMC even with FEC additive. The half-cell results of EF and EEF electrolytes on Si+LiPAA
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electrodes are shown in Figure 5. Comparison of EEF with GenF shows that, after changing the salt from
LiPF¢ to LiTFSI, significantly higher delithiation capacity as well as higher efficiency can be obtained
during the first cycle. However, starting from the second cycle, the capacity and efficiency of the cells
with EEF electrolyte quickly drop and show similar electrochemical performance with the cells prepared
with GenF or Gen2 electrolyte. This shows that comparing with LiPFs, LiTFSI can provide better initial
performance, but quickly with the second cycle, the instability of EC leads to similar poor performance
among all EC-containing electrolytes (EEF, Gen2 and GenF). On the other hand, the EF electrolyte shows
similar performance to EEF in the first cycle, however due to its EC-free chemistry, the improved initial
capacity and performance can be well maintained over the extended cycles. The cyclability of EF
electrolyte is even better than the TG-based electrolyte.

These studies prove that, EC is the main source of chemical instability in cells with Si electrodes, that
use traditional lithium-ion battery electrolytes, which is consistent with our model study results. Although,
TG showed slightly better stability than EMC in the model compound study, it cannot effectively
passivate the lithiated Si electrodes in electrochemical tests likely due to a poor SEI, therefore the TG-
based EC-free electrolytes demonstrate poor capacity retention rates and lower coulombic efficiencies
than the EMC-based EC-free electrolytes. This indicates that the chemical stability alone is not sufficient
to predict the long-term cyclability of the electrolyte solvents in the application of Si electrodes. While
FEC addition aids in inorganic SEI formation (LiF), the nature of the organic and inorganic SEI depends
highly on the solvent choice and it is clear none of the tested solvent systems (general or specific) in this

study was capable of providing a stable and passivating SEI.
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IV. CONCLUSIONS

In this work, we use lithium silicide model compounds to simulate the potential reactions between
lithiated Si anodes and commonly used electrolytes. From the NMR results, we find that EC in traditional
electrolytes is the most reactive solvent among all the tested solvents in contact with the LS model
compounds, indicating chemical instability. Unless proven to be perfectly passivating on the surface, in a
system where reactive active material surfaces are continuously generated, it can be speculated that the
use of EC should be avoided and/or minimized in silicon specific electrolyte formulations. In comparison,
EMC, TG and FEC show less interaction after mixed with LS powders. Guided by these results, we
studied several new EC-free electrolytes, which can provide higher capacity with better capacity retention
rates in half-cell tests on graphite-free Si anodes. However, even with the most inert solvents,
electrophilic centers undergo attack from silicon anions. It is clear that the fields focus should shift to
other and perhaps more suitable electrolyte systems to be tailored specifically for silicon anodes, in the
future that will primarily alleviate this reaction and/or passivate the surface to stop the unwanted reactions
going on indefinitely and reducing efficiencies. Therefore, the mitigation of capacity fade and silicon
electrode failure requires understanding of when and how the decomposition products aid in the formation
of an effectively passivating surface layer. Still we demonstrate that it is crucial to study solvent-silicon
reactivity and find the optimum electrolyte system specific for silicon anodes. The model-compound
based method applied in this study provides a systematic and well-controlled approach to examine the
electrode-clectrolyte interaction and SEI formation processes on Si electrodes, as well as new electrolyte

systems that could be used in future Si-electrode Li-ion batteries.
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