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Three different organic solvents (dimethylacetamide (DMACc), dimethylformamide (DMF), and dimethyl sulfoxide (DMSO)) were
used to improve the solubility of LiNO; in a standard carbonate-based electrolyte with lithium difluoro(oxalato)borate (LiDFOB)
as the salt. Together, the LIDFOB and organic-solvent solubilized LiNO; preferentially reduce on the surface of silicon-containing
anodes to create an SEI rich in oxalates, nitrate decomposition species, and B-F species. The improved stability of the SEI
throughout the first 100 cycles results in silicon and silicon/graphite composite anodes with better capacity retention than observed
with standard electrolytes or fluoroethylene carbonate (FEC) containing electrolytes. This study demonstrates the feasibility of the
use of non-traditional electrolyte solvents in the improvement and optimization of lithium ion-battery electrolytes.
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Recently, there has been a large international push towards the
electrification of vehicles with much interest and funding directed
toward the development of long-lasting and robust batteries to
further extend the driving range of electric vehicles (EV) towards
that of the traditional combustion engine. A major limitation of
designing lithium-ion batteries for these purposes is the size and
weight requirements involved in building EVs as traditional lithium-
ion batteries rely on graphite anodes. While graphite is a stable
anode with long cycle life, graphite has a relatively low specific
capacity of 372 mAh g™', limiting the energy density of the battery."
An alternative to this problem is utilizing alloying materials like
silicon that have a very high theoretical capacity of 3579 mAh g~ .2
However, upon lithiation, silicon undergoes a large volume expan-
sion during the alloying process.” As the silicon particles expand,
there is particle pulverization, electrical isolation, and continuous
electrolyte decomposition leading to solid-electrolyte interphase
(SEID) thickening over the course of the cycling period leading to
poor capacity retention over time.> One common approach to
address this issue is to include small amounts of silicon nanoparti-
cles in graphite electrodes which constrains the silicon volume
changes but increases the overall capacity, and thus energy density,
of the silicon-graphite composite electrode.

To further improve the cycling stability of silicon-containing
anodes, many researchers have investigated the incorporation of
additives into electrolyte formulations. Many of the electrolyte
additives are reduced on the surface of the anode during the initial
formation cycling to alter the composition and structure of the SEI
resulting in improved performance. The electrolyte additives can
limit some of the detrimental effects of volume expansion observed
with silicon particles. For example, most researchers investigating
silicon-containing anodes include fluoroethylene carbonate (FEC) as
an additive, 3—-10 wt% in LiPFg/ethylene carbonate (EC)-based
electrolytes.*® This is because FEC has been shown to be
preferentially reduced around 1.0-1.1 V vs Li/Li+ to form a stable,
LiF-rich and polymer-rich SEI which is more resilient to the
volumetric chan%es associated with silicon anodes during lithiation
and delithiation.”® However, large quantities of FEC have been
linked to gas evolution during cycling and can lead to the generation
of HF upon cycling at elevated temperatures.”'® In addition, FEC
has been reported to continually degrade throughout the cycling
process, and once consumed, the capacity of the cells decreases
rapidly."" Therefore, novel additives beyond FEC must be investi-
gated to improve silicon-containing anode performance.

“E-mail: blucht@uri.edu

One potentially interesting electrolyte additive is LiNO3. LiNO;3
has been utilized to stabilize lithium metal anodes in lithium sulfur
batteries and is reduced on the anode surface to form a series of
nitrogen containing species in the SEI which have been found to
increase lithium-ion conduction and stabilize the SEL'*~'* Since one
of the major failure modes of silicon-containing anodes is the loss of
electrical conductivity as a result of particle pulverization and
thickening of the SEI, increased ion conductivity of the SEI
throughout the course of cycling could lead to improved capacity
retention as more anode particles will remain ionically conductive
throughout cycling. Unfortunately, lithium nitrate is only sparingly
soluble in standard carbonate electrolytes. Recent reports suggest
that lithium nitrate improved the cycling stability of silicon-graphite
composite electrodes. However, only concentrations of ~0.09 M
LiNOj are soluble in 1.2 M LiPFg in EC:DEC (1:1)." An alternative
approach to improving the cycling performance of silicon nanowire
anodes utilizes LiNO3 in a 1M TFSI-based ether-based
electrolyte.'® Unfortunately, ethers are unstable at operating poten-
tials of most common cathode materials and are thus problematic for
most lithium-ion batteries. Previous investigations have reported on
the improved performance with both lithium metal anodes and
silicon/silicon-graphite composite anodes using an electrolyte of
1.0 M lithium difluoro(oxalato)borate (LiDFOB) in triethyl phos-
phate (TEP)/carbonate solvent blends with an overall LiNOs;
concentration of 0.2M in the solution as a result of the high
solubility of LiNO5 in TEP.'”"" The combination of LiDFOB and
LiNO; were shown to generate stable SEI compositions that
passivate the anode surface with oxalates, boron-fluorine containing
species, and nitrate decomposition products. However, the solubility
of LiNOj3 in TEP is limited, and TEP has been reported to inhibit
stable SEI formation on graphite anodes leading to poor cycling
performance, especially at high concentrations of TEP.?*?! Similar
problems are likely with silicon-graphite composite anodes.
Therefore, other solvents should be investigated to improve the
solubility of LiNO; and further optimize the promising
LiDFOB+LiNOj; electrolyte.

The solubility of lithium salts is typically higher in highly polar
aprotic solvents, such as dimethylacetamide (DMAc), dimethylfor-
mamide (DMF), or dimethyl sulfoxide (DMSO). While these three
solvents have traditionally not been utilized in high concentrations in
lithium-ion battery electrolytes due to concerns related to the
stability of the SEI, use of these solvents in lower concentrations
to enable dissolution of LiNOj is an interesting possibility. Previous
reports have utilized DMAc in both Li-air and Li-O, batteries.?**
While the use of DMAc has been generally limited in lithium-ion
batteries, incorporation of DMAc as an additive into carbonate
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electrolytes has been reported to lead to improved cycling perfor-
mance as well as enhanced thermal stability, for LiPFg based
electrolytes.”*° DMF has only been used sparingly in lithium-ion
battery applications as a high temperature additive on LiFePO,
cathodes with standard solvents.”” While there have been no
literature reports of LiNOj5 solubilized in DMF, an SEI component
formed as a result of LiNOj reduction, LizN, has been reported to be
unreactive with DMF.?® Finally, DMSO has been used extensively
with lithium metal anodes and can dissolve LiNO; to make a
saturated solution with a high concentration of 4 M.>*"Y Addition of
5wt% of the saturated DMSO solution of LiNO;3 to an FEC/
carbonate based electrolyte can be used in Li/NCM811 cells which
maintain 75% of the initial capacity after 200 cycles.*® Therefore,
based on the promising cycling abilities and good LiNO; solubility,
DMSO, DMF, and DMAc have been investigated in conjunction
with the LIDFOB+LiNO; electrolyte as a substitute for TEP.

In this report, silicon anode half cells and silicon-graphite
composite/NCMS523 full cells were investigated with novel electro-
lyte formulations containing 1.0 M LiDFOB in EC:EMC with an
overall LiNO5 concentration ~0.24 M and either DMSO, DMF, or
DMACc as a cosolvent. The novel electrolyte formulations were
compared to a STD carbonate electrolyte and a STD carbonate
electrolyte +3 wt% FEC. Ex-situ surface analysis was conducted
with XPS after formation and after 100 cycles as well as FE-SEM
imaging in order to investigate the changes in SEI morphology and
chemical composition.

Experimental

Pure silicon anodes (Si) were made with silicon nanoparticles
(<50 nm) (Alfa-Aesar), Super C65 (Timcal), and poly(acrylic acid)
(PAA) (MW =450,000, Sigma-Aldrich) at a weight ratio of
(50:25:25). Silicon-graphite composite electrodes (SiGr) were com-
posed of silicon nanoparticles, artificial graphite (MTI Corporation),
Super C65, and PAA in a 20:65:5:10 weight ratio. Anode material
was mixed in a mortar and pestle for 1 h using water as a solvent
before being transferred to a new vial and stirred using a magnetic
stir bar for 3 h under vacuum. The homogenized slurry was spread
onto copper foil using a doctor blade and air dried overnight. The
anodes were punched into 14.0 mm diameter disks and dried in a
vacuum oven overnight at 110 °C. The coating thickness for the
pristine Si anodes was ~19 ym and for the pristine SiGr anodes, the
thickness was ~33 um. Neither handmade anode was calendared.
The cathodes were LiNiysCop,Mng30, (NCMS523) single side
coated electrodes (MTI Corporation) with 94.2% active material
and 5.8% conductive carbon and polyvinylidene difluoride (PVdF).
Cathodes were punched into 12.7 mm disks and dried at 110 °C
overnight in a vacuum oven. The N/P ratio between the SiGr anode
and NCM523 cathode was calculated to be 1.14.
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Electrolytes investigated include: 1.2M LiPFs in ethylene
carbonate (EC):ethyl methyl carbonate (EMC) (3:7, v/v) (STD
electrolyte), 1.2M LiPFg in EC:EMC with 3 wt% fluoroethylene
carbonate (FEC) (STD + 3% FEC electrolyte), 1.0 M LiDFOB in
dimethylacetamide saturated with LiNO3:EC:EMC (estimated
0.24 M LiNOs; in 1:1:8) (10% DMAc electrolyte), 1.0 M LiDFOB
in dimethylformamide saturated with LiNO3:EC:EMC (estimated
0.24 M LiNOj; in 1:1:8) (10% DMF electrolyte), 1.0 M LiDFOB in
dimethyl sulfoxide saturated with LiNO3;:EC:EMC (estimated
0.19M LiNOj in 1:1:8) (10% DMSO electrolyte). The 1.2M
LiPF¢ in EC:EMC (3:7) and LiDFOB were obtained from BASF.
Battery grade FEC, EC, and EMC were supplied by Gotion, Inc. The
LiNO; and dimethylacetamide (99%, dried over molecular sieves)
were purchased from Sigma-Aldrich. The dimethyl sulfoxide (99.8+
%, anhydrous, dried over molecular sieves) was purchased from
Fisher Scientific and the dimethylformamide (99.8%, anhydrous,
dried over molecular sieves) from Acros.

Coin cells (2032) were prepared inside an Ar-glovebox. Si/Li
half cells consist of a Si working electrode, lithium foil counter
electrode, 100 pl of electrolyte, one Celgard 2325 separator, and one
Whatman GF/D glass microfiber separator. SiGr/NCMS523 full cells
consist of a SiGr anode, NCM523 cathode, 100 pl of electrolyte, two
Celgard 2325 separators, and one Whatman GF/D glass microfiber
separator. Half cells were cycled between 0.005 V and 1.5 V and full
cells were cycled between 3.0 V and 4.2 V. All cells had the same
cycling procedure: C/20 for the first cycle, C/10 for the next two
cycles, and C/5 for an additional 97 cycles with the first five cycles
considered formation cycling. Cells were cycled at 25 °C using an
Arbin BT2000 battery cycler. The rate for half-cells was calculated
based on the theoretical capacity of Si at 3579 mAh g~'.? Full cell
capacity and rate were calculated based on the mass of cathode
active material. All cells were built in triplicate with representative
data provided.

After cycling was completed, delithiated electrodes were
removed from the disassembled cells and rinsed with three
portions of 675 ul of dimethyl carbonate (DMC) in order to
remove any excess electrolyte. Electrodes were then dried in an
argon-filled glove box for further ex situ surface analysis. Surface
analysis was performed using ex situ X-ray photoelectron
spectroscopy (XPS) (K-alpha, Thermo) with an Al Ka X-ray
source at a pass energy of 50eV and a measured spot size of
400 pm. Electrodes were transferred to the XPS chamber without
exposure to air using a vacuum-sealed transfer module (Thermo).
The binding energy was corrected based on the Cls peak for
hydrocarbon at 284.8 eV. The change in electrode surface
morphology throughout cycling was examined using ex situ
field-emission scanning electron microscopy (Zeiss Sigma VP)
equipped with energy dispersive X-ray spectroscopy (Oxford
Instruments) (FE-SEM-EDS) at 20.00 kV.
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Figure 1. (left) Capacity retention vs cycle # and (right) coulombic efficiency vs cycle # of Si/Li half cells cycled with electrolytes of interest.
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Figure 2. Differential capacity (dQ/dV) of Si/Li half cells cycled with
electrolytes of interest during first lithiation.

Results and Discussion

Electrochemical cycling.—The coulombic efficiency and capa-
city retention of Si/Li half cells cycled with the five electrolytes of
interest are provided in Fig. 1. Due to the low quantity of silicon
active material on each electrode and the variations in current
collector mass, the capacity of the silicon electrodes has been
normalized to the first cycle charge capacity for better depiction of
cycling stability.>' All Si anodes exhibit an initial specific capacity
>3200 mAh g~'. While the cells cycled with the STD electrolyte
had the highest initial coulombic efficiency, there is a sudden drop in
capacity around the 15th cycle leading to a consistent decrease
throughout the cycling period and ending in a capacity retention of
39.2%. The cells cycled with the STD+3% FEC electrolyte have
good initial cycling stability, but the capacity steadily decreases
during cycling, eventually retaining only 66.4% of the initial
capacity after 100 cycles. Of the three LiNOj-containing electro-
lytes, the cells cycled with the 10% DMSO electrolyte have the
highest first cycle coulombic efficiency but exhibit unstable cycling
including a sharp drop-off in capacity beginning around the 60th
cycle, ending in near complete cell failure and rapidly fluctuating
coulombic efficiencies. The poor electrochemical performance is
likely attributed to the lower calculated concentration of LiNOs3, the
high affinity of DMSO for water, and the solubility of SEI
components in DMSO. The cells cycled with the 10% DMF and
10% DMACc electrolytes have relatively similar cycling stability for
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the majority of the 100 cycles with the 10% DMF electrolyte having
a slightly higher coulombic efficiency but ending with a slightly
lower capacity retention (83.4%) than the 10% DMACc electrolyte
(85.1%).

The differential capacity (dQ/dV) plots from the first cycle
lithiation in the region of 0.3-2.6 V of the Si/Li half cells are
provided in Fig. 2. As previously reported, all cells containing the
pure silicon anodes exhibit a peak around 0.43 V vs Li/Li" due to
the partial reduction of the native SiO, layer formed as a result of
manual electrode preparation.'®>% While the cell cycled with the
10% DMSO electrolyte might have a peak in that region, the noisy
peaks are consistent with an instability of the electrode with the
electrolyte causing continuous electrolyte decomposition, which is
reflected in unstable cycling and cell failure as depicted in Fig. 1.
The partial reduction of the PAA binder can be seen at ~1.5V vs
Li/Li* for the STD and STD+3% FEC electrolytes, ~1.48 V vs
Li/Li" for the cells cycled with the 10% DMAc and 10% DMF
electrolytes, and ~1.44 V vs Li/Li™ for the cell cycled with the 10%
DMSO electrolyte. The shifting in the reduction peak can be
attributed to differences in solvent-salt interactions. In the cells
cycled with the STD and STD+3% FEC electrolytes, the peak
characteristic of EC reduction is distinct at ~0.89V vs Li/Li*
whereas the cells cycled with LiDFOB/LiNOj3-containing electro-
lytes have much less EC reduction which has been shifted closer to
1.03 V vs Li/Li*.** Due to the preferential reduction of LiDFOB and
LiNOs;, the majority of the silicon anode surface is passivated prior
to the EC reduction potential leading to less EC reduction on the
silicon anode surface. The cell cycled with STD+3% FEC has an
additional ;)eak around 1.01V vs Li/Li* as a result of FEC
reduction.'” The peak at ~1.69V vs Li/Li" in the 10% DMAc,
10% DMF, and 10% DMSO electrolytes is consistent with LIDFOB
reduction.®* Of the three solvents, DMAc has the largest intensity
reduction peak indicating that LIDFOB is the primary contributor to
the SEI for the 10% DMACc electrolyte. The 10% DMSO has a small
peak which is consistent with poor SEI generation and cycling
stability. There are multiple LiNOj reduction peaks in the cells
cycled with 10% DMF and 10% DMACc electrolyte in the region
between 1.90-2.24 V vs Li/Li".'>* While the 10% DMF electrolyte
has a smaller LIDFOB reduction peak than observed with the 10%
DMAc electrolyte, the presence of multiple LiNO5 reduction peaks
demonstrate the importance of both components being present in the
electrolyte solution. The cell cycled with 10% DMSO does not
appear to exhibit any LiNOj; reduction peaks, possibly due to the
increased solubility of LiNOj3; decomposition products in DMSO.
The lack of one of the preferentially reducing SEI components
contributing to initial SEI growth likely contributes to rapid cell
failure as observed for the cells cycled with 10% DMSO electrolyte.
Due to the poor cycling performance, further investigation of the
10% DMSO electrolyte was not conducted.
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Figure 3. (left) Specific capacity vs cycle # and (right) coulombic efficiency vs cycle # of SiGr/NCMS523 full cells cycled with electrolytes of interest.
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Figure 4. FE-SEM images of SiGr anodes before and after 100 cycles with (A) Pristine electrode, (B) STD electrolyte, (C) STD+3% FEC electrolyte, and (D)

10% DMAc electrolyte at 2500X.

The specific capacity vs cycle number and coulombic efficiency
vs cycle number of the SiGr/NCMS523 full cells are plotted below in
Fig. 3. The voltage vs charge/discharge specific capacity of the SiGr/
NCMS523 cells cycled with the four electrolytes for the first and
100th cycle are plotted in Fig. S1. The cells cycled with the STD
electrolyte exhibit poor cycling performance and lose nearly all
capacity by the 60th cycle. This is further reflected in the low
coulombic efficiency (<95%) throughout the entire cycling period.
Cycling with the STD+3% FEC gives better initial capacities;
however, there is a continuous decrease in capacity throughout the
cycling period with a steeper decrease between the 25th and 45th
cycles. This leads to an ending capacity of 58 mAh g~' after 100
cycles. While the Si/Li half cells cycled with the 10% DMF and 10%
DMACc electrolytes exhibited very similar cycling behavior, the
SiGr/NCM523 full cells have larger differences. The cell cycled
with 10% DMF has a lower initial capacity as well as a lower first
cycle coulombic efficiency and exhibited a slightly steeper capacity
fade over the cycling period than that seen with the 10% DMAc
electrolyte leading to a final capacity of 63 mAh g~', which is only
slightly better than the capacity observed by cycling with the STD
+3% FEC electrolyte. The cells cycled with the 10% DMAc
electrolyte have a slightly lower initial specific capacity than the
STD+3% FEC electrolyte but have better capacity retention upon
cycling retaining 81 mAh g~ (59%) after 100 cycles. The differ-
ences in cycling between the 10% DMF and 10% DMACc electrolytes
is likely due to varying electrolyte dynamics as a result of the solvent
change. A rate capability test was performed on the cells cycled with
the STD, STD+3% FEC, and 10% DMAc electrolytes and is
displayed in Fig. S2. Cycling with the STD electrolyte gave the
largest amount of capacity loss between the initial and final capacity,
especially at higher rates. The STD+3% FEC had the highest
capacity across the entire cycling rate period; however, the cell starts
to exhibit higher capacity fade in the return to the C/5 cycling than

the cell cycled with 10% DMAc. While the cell cycled with 10%
DMAc does have lower capacities than the cell cycled with the STD
+3% FEC electrolyte, there is greater capacity retention from
beginning to end of cycling, even at high rates. Based on the better
cycling performance, the 10% DMAc electrolyte was selected for
further analysis in comparison to the two STD-based electrolytes.

FE-SEM-EDS Images.—In order to examine the differences in
the SiGr anodes before and after 100 cycles in the SiGr/NCM523
full cells, ex situ FE-SEM-EDS was performed on the anodes
extracted from the cells cycled with the electrolytes of interest
(Fig. 4) with the EDS elemental maps presented in Figs. S3—-S6. The
pristine electrode has a fairly uneven surface due to relative size
scale differences between the nanoparticle-sized silicon and micro-
meter-sized graphite where the larger graphite particles are em-
bedded in a silicon particle and PAA matrix. Observations of the SEI
morphology in relation to the distinct features of the silicon
nanoparticles in the pristine electrode thus allow for an idea of the
physical changes caused by electrolyte decomposition. The anode
cycled with the STD electrolyte is covered with a thick SEI as
evidenced by the disappearance of silicon nanoparticles. There are
also severe charging effects due to delamination of electrode
material from the copper current collector. This further reflects the
cell failure observed in the cycling data. Cycling the SiGr electrode
with the STD+3% FEC electrolyte generates uneven SEI coverage
as seen by the granular structures on some portions of the electrode
and thicker carbonate coverage in other sections. EDS analysis of
this electrode is consistent with granular structures composed of LiF
and bulk coverage with lithium alkyl carbonates (Fig. S5). FEC has
been reported to generate large quantities of LiF on silicon
electrodes which are then covered with carbonate decomposition
products upon additional cycling.® The uneven distribution suggests
that there is not sufficient FEC in the electrolyte to fully passivate
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Figure 5. Cls, Ols, Fls, Nls, P2p, and Bls XPS spectra of SiGr anodes extracted from SiGr/NCM523 full cells after formation cycling.

the surface via reduction of the FEC which is consistent with the
slow and steady capacity loss. The anode cycled with the 10%
DMAc electrolyte has thick but even SEI growth leading to
relatively consistent coverage of the oxalate, nitrate, and borate
products as discussed below with the analysis of the XPS spectra and
visualized in Fig. S6.

XPS analysis of anodes after formation cycling.—The Cls,
Ols, Fls, Nls, P2p, and B1s XPS spectra of the SiGr anode from the
SiGr/NCM523 full cells after formation cycling with the electrolytes
of interest are provided in Fig. 5. Peaks are observed at 284.8 eV in
the Cls spectrum of the pristine SiGr anode due to the presence of
adventitious carbon and graphite while additional peaks are observed
at 286.1 eV (C-0) and 290 eV (CO,) due to the presence of the PAA
binder in the anode. Cycling with the STD electrolyte results in the
appearance of new peaks in the XPS spectra at 531.8 eV in the Ols

spectrum and 290.1 eV in the Cls spectrum characteristic of lithium
alkyl carbonates and Li,COj;. Additional peaks are observed at
685 eV in the Fls spectrum, 528 eV in the Ols spectrum, and at
687.5eV in the Fls spectrum and 133.7eV/137.5eV in the P2p
spectrum, consistent with the presence of LiF, Li,O, and Li,PF,0,,
respectively. The presence of these species in the SEI is consistent
with previous reports.*'**® Cycling with the STD+3% FEC
electrolyte primarily generates lithium carboxylates or oxalates
based on the higher concentrations of C=0 and C-O observed
and the very weak peak for COj species in the Cls spectrum.
Interestingly, no Li,O is observed. There also appears to be some
LiF present with very little Li,PF,O, formed as evidenced by the
small shoulder at 687 eV in the Fls spectrum and very weak peak at
133.5 eV in the P2p spectrum. The 10% DMAc electrolyte generates
an SEI consisting of oxalates (with the strong peaks of C=0 and
C-0) as well as some B-F containing compounds as evidenced by
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Figure 6. Cls, Ols, Fls, Nls, P2p, and Bls XPS spectra from SiGr anodes extracted from SiGr/NCM523 full cells after 100 cycles.

Table 1. Elemental % derived from XPS spectra of SiGr anodes extracted from SiGr/NCM523 full cells.

C (0] F N P
Pristine 42.7 30.1
After Formation STD 38.3 41.7 17.9 1.1
STD+3% FEC 52.9 37.7 8.2
10% DMAc 40.9 39.5 9.9 2.7
After 100 Cycles STD 45.5 30.7 22.0 1.8
STD+3% FEC 51.4 31.2 16.7 0.7

10% DMAc 44.8 394 5.4 2.1
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the peaks at 686.5 eV in the Fls spectrum and 192.8 eV in the Bls
spectrum.>®” Furthermore, the LiNO; has decomposed to form
primarily N*~ and NO;~ products with very little NO,™ present.

XPS analysis of the anodes after 100 cycles.—The Cls, Ols,
Fls, N1s, P2p, and B1s XPS spectra of the SiGr anodes extracted from
the SiGr/NCM523 full cells after 100 cycles with the electrolytes of
interest are displayed in Fig. 6. Cycling with the STD electrolyte for a
longer period generates even more lithium carbonate and lithium alkyl
carbonates as seen by the increased intensity of the C=0 (288.9 eV)
and C-O (286 eV) signals. The Li,O observed at the end of formation
cycling has now been covered as evidenced by an increased concentra-
tion of LiF (684.8 eV) and Li,PF,0, (686.7 eV in the F1s and 136.9 eV
in the P2p spectra), consistent with continuous SEI growth throughout
the cycling period. This is due to repeated electrolyte degradation which
results in poor cycling behavior as presented above. The cells cycled
with the STD+3% FEC electrolyte have a relatively similar SEI to that
observed after formation cycling. There is a slightly higher concentra-
tion of C—O and C=0 species as seen by an increased shoulder in the
Ols spectrum at 533 eV and a higher concentration of C-O at 286 eV
and C=0 at 288.6eV than seen previously. Furthermore, there is
continued growth of the peaks associated with LiF and Li,PF,O, in the
F1s spectrum, although there is no longer any clear signal in the P2p
spectrum. The continued strong presence of LiF even after extended
cycling contrasts the layering that has been observed in previous
investigations of higher weight percentages of FEC.'®!® Cycling with
the 10% DMAc electrolyte for 100 cycles results in an SEI very similar
to that observed after formation cycling. There is slightly more oxalate
formation as evidenced by the increased C=O peak at 288.8 eV in the
Cls spectrum and more B-F species generated as indicated by the
higher intensity of the signal at 686.2 eV in the F1s and 192.8 eV in the
B1s spectrum. This is consistent with continued LiDFOB decomposi-
tion over the course of cycling as previously reported.**? In addition,
there is an increase in LiNO3z decomposition species, especially N5~ at
400.2 eV. The lack of significant changes in proportions of the SEI
components between formation cycling and after 100 cycles in the
DMAc electrolyte indicates that the initial SEI formed is relatively
stable and consistent throughout and that there is not significant
electrolyte degradation occurring during continued cycling.

XPS elemental percentages—To develop a better under-
standing of the SEI evolution across the cycling period, the
XPS spectra of the SiGr anodes discussed earlier were used to
calculate a relative elemental percentage for each species with the
results displayed in Table 1. The pristine electrode contains high
concentrations of C and O as a result of the graphite and binder
used in the electrode. Although not displayed in the table due to
brevity, the pristine electrode had a relative elemental percentage
of Si of 27.2%. The cell cycled with the STD electrolyte exhibits a
large increase in C and F species, a small increase in P, and a
decrease in O. This is consistent with the SEI evolution discussed
above with greater lithium carbonate and LitPF,O, species
generated. Cycling with the STD+3% FEC electrolyte maintains
relatively consistent C concentrations during cycling with a
decrease in O species and an increase in F species. The increase
in F species is different than typically observed with high
concentrations of FEC where an inorganic LiF-dominated layer
is formed during formation cycling that is then covered by more
organic carbonate-based species over the course of cycling.*®
Since there is less FEC in solution, the solvent dynamics may
have changed leading to less FEC available for reduction. The cell
cycled with 10% DMAc electrolyte remains relatively similar
across the cycling period with a small increase in C and B species,
a decrease in F species, and the O and N species staying generally
consistent. This further corroborates the idea that there is
continued LiDFOB decomposition during the first 100 cycles;
however, the SEI remains relatively unchanged since the forma-
tion cycling indicating that the initial electrolyte decomposition is
enough to nearly passivate the surface.

Conclusions

The cycling stability of both silicon and silicon-graphite compo-
site anodes can be improved over what is observed for STD
carbonate electrolytes through the inclusion of sacrificial additives.
While FEC is the most frequently reported electrolyte additive which
results in the generation of a LiF and polymer-rich SEI, the STD
+3% FEC electrolyte was unable to outperform either the 10%
DMACc or the 10% DMF electrolytes, likely due to the presence of
both LiDFOB and LiNOj; in a solvent that is able to dissolve LiNO;
up to ~0.24 M. Further ex situ analysis of the 10% DMAc
electrolyte reveals a stable SEI consisting of oxalates, B—F species,
and N3~ species that remains relatively unchanged throughout the
100 cycles. These results demonstrate the use of non-traditional
lithium-ion battery solvents to further improve the properties of an
electrolyte for silicon-containing anodes in order to generate
improved cycling capabilities.
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