W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202300541

Enabling the use of lithium

www.batteries-supercaps.org

bis(trifluoromethanesulfonyl)imide as electrolyte salt for
Li-ion batteries based on silicon anodes and
Li(Ni, ,Co,,Mn,,)0, cathodes by salt additives

K. Asheim,” I. F. Holsen,® V. Renmann,” M. V. Blanco,” P. E. Vullum,”" N. P. Wagner,"

J.P. Mzhlen,” and A. M. Svensson*

Lithium bis(trifluoromethanesulfonyl)imide (LiFSI) is a promising
alternative salt for Li-ion batteries. Unlike the conventional
LiPF, it is not prone to HF formation, and thus resistant to
moisture. However, for cell voltages relevant for high energy
cathodes (>4.2 V), the aluminium current collector will corrode
in electrolytes based on this salt, and mitigation strategies are
needed. Here, the use of Lithium tetrafluoroborate (LiBF,) and
Lithium difluoro(oxalato)borate (LIDFOB) salts as additives is
investigated, in order to enable the use of LiFSI-based electro-
lytes. The performance of the electrolytes is evaluated sepa-
rately for high content silicon anodes, Li(Niy.4C0,.4Mn,,)0,
(NMC442) cathodes and the aluminium current collector by

Introduction

Li-ion batteries is one of the key enabling technologies for the
transition to a renewable energy system.'” Due to the high
energy density, Li-ion batteries is the technology of choice for
all-electric vehicles. Still, improvements are needed with regards
to energy density, safety and environmental impact. Currently,
layered oxides like Li(Ni,Co,Mn,)O, (NMC), with the highest
possible content of Ni (x up to 0.8), is the dominating cathode
material for high energy density Li-ion batteries. On the anode
side, silicon is a good alternative to partially replace graphite,
possessing 10 times the theoretical capacity (3600 mAh/g vs.
372 mAh/g). The difficulty with silicon is the large volume
expansion experienced during lithiation (up to 300%).5¥ It is
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electrochemical methods and post mortem analysis by SEM
imaging and X-ray photoelectron spectroscopy (XPS). Electro-
lytes with LiDFOB as additive showed the best performance for
all components, and were therefore selected for cycling in full
cells, composed of silicon anodes and NMC442. Results show
that LiFSl-based electrolytes with LiDFOB additive has an
electrochemical performance similar to conventional electro-
lytes, and is thus a competitive, alternative electrolyte with a
low fluorine content. Furthermore, it is verified that the good
SEl forming properties of LiFSI based electrolytes known from
cycling in half cells, is also preserved during cycling in full cells

therefore considered most realistic that silicon is added to
graphite in silicon-graphite composite electrodes, in order to
alleviate some of the strain and stresses associated with the
large volume expansion of pure silicon anodes.

The strain on the electrode material as a consequence of
the expansion of silicon electrodes results in numerous
problems. One example is the integrity of passivation layer
formed on the anode surface, i.e. the so-called solid electrolyte
interphase (SEIl). Cracks and damage to the SEI layer will lead to
continued SEl formation,” which again consumes lithium.
Eventually the SEI layer might grow too thick and electrically
insulate the active material. Thus, tailoring the electrolyte
composition, in order to optimize the SEI properties, is crucial
for implementation of electrodes with a high content of silicon.
Current commercial Li-ion batteries have electrolytes composed
of LiPFy as the main salt, in combination with carbonate
solvents. Unfortunately LiPF is susceptible to hydrolysis, and
trace amounts of H,O present in the cell will lead to formation
of HF, which may damage both anode and cathode
materials,®'® for example by etching of the native oxide layer
of silicon."”

LiFSI does not hydrolyse, and is considered one of the most
promising salts for replacing the conventional LiPF salt."" LiFSI
has a higher Li* transport number than the LiPF, salt."?
Previous works have demonstrated benefits of LiFSI as electro-
lyte salt in combination with silicon anodes."*™'¥ Improved
performance was demonstrated for anodes made from nano-
silicon in half-cell configuration for LiFSI-based electrolytes in
combination with carbonate solvents, attributed to the absence
of HF in the electrolyte."” Our previous work also verified the

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH


http://orcid.org/0000-0001-7572-2401
https://doi.org/10.1002/batt.202300541
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbatt.202300541&domain=pdf&date_stamp=2024-03-06

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202300541

improved performance of LiFSI electrolytes compared with LiPFg
for micron sized high silicon-content anodes, and a detailed
post mortem study of the cycled electrodes revealed important
differences in the SEI layers." The SEI found on electrodes
cycled in LiFSI electrolytes appeared to be more homogeneous,
stable, conductive and flexible, with a bilayer structure of an
inner, predominantly inorganic layer, and an outer, predom-
inantly organic layer, ensuring excellent passivation of the
electrodes. The nature of the SEI layer relates to the rather high
reduction potential of the LiFSI salt, around 1.7-1.9 V.[''4'®

As carbonate solvents are volatile and flammable, and the
salt LiPF; tends to decompose, conventional electrolytes are
also associated with severe safety concerns when the cells are
exposed to mechanical, thermal, or electrical abuse
conditions."” The presence of HF pose a threat to safety®®” and
complicates recycling and fire-extinguishing. LiFSI would im-
prove safety significantly since this salt is much less prone to
hydrolysis."® Depending on the choice of the cathode material,
LiFSI could potentially allow for higher dew point during
production of battery cells, and thereby contribute to a
significant reduction of the energy consumption during
production of battery cells.

The main challenge with the LiFSI salt is occurence of side
reactions at potentials above 4 V,"*?” related to corrosion of the
Al current collector on the cathode side or the stainless steel
casing of the battery.”'?? While stainless steel can be avoided
in Li-ion cells, replacing the aluminium current collector is
challenging. The stability of aluminum current collectors is
considered to rely on the presence of small amounts of HF in
the electrolyte, for the formation of AIF; and Al-
oxyfluorides.”*? Passivation of the aluminum current collector
may be facilitated by addition of hydrolyzing salts like LiPFg or
LiBF,.?” In fact, the salt LiBF, has proven to be even more
efficient in suppressing corrosion of Al current collectors than
LiPF¢.?® Alternatively, addition of lithium difluoro(oxalate)borate
(LIDFOB) has also been shown to suppress Al corrosion.”*%
Park et al. found that the electrolyte based on LiFSI salt with
addition of LiDFOB was less corrosive than electrolytes with
additions of LiBF, and LiPF.."® The exact mechanism is however
not agreed on. In the study of Park et al,®” protective layers
were identified on the surface of the Al current collector after
addition of LiDFOB, containing Al—F species, as well as B-O/B—F
components and Al,O;, while less Al-F species were found with
LiBF, and LiPF as additives. In the study of Yan et al.,®" on the
other hand, the improved corrosion protection observed upon
addition of LiDFOB was attributed to the formation of a
polymeric film, possibly related to reaction with BF,O™ radicals.

There are also reports on positive effects of LIDFOB on the
anode. Moderate improvements have been reported for thin
film silicon anodes cycled with conventional LiPF4 electrolytes
with LiDFOB added.®® Here, electrolytes with LIDFOB added
were found to generate surface films with high concentrations
of oxalates and lithium fluorophosphates, but with reduced LiF
content.” Lee et al. studied conventional LiPF, electrolytes
with 1 wt% LiDFOB added, in full cells with silicon-graphite
composite anodes and cathodes made of a blend of LiCoO, and
NMC622 (80:20 wt%), and demonstrated improved cycling
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performance at 45°C.5% In this work, less lithium fluorophos-
phates were observed in the SEI after cycling in the LiDFOB
containing electrolyte, which was taken as evidence for
mitigation of LiPF; decomposition upon addition of LiDFOB.
Other studies have focused on alternative solvents, or used
LiDFOB as the only salt in the electrolyte. For fluorine-rich
electrolyte solvents, based on dimethoxyethane (DME) and the
1,1,2,2-tetrafluoroethyl  2,2,3,3-tetrafluoropropyl ether (HFE),
good performance of silicon electrodes was demonstrated for
electrolytes based on LiFSI as salt, with addition of LiDFOB
(1.2 M LiFSI and 0.05 M LiDFOB).*™ Concentrated electrolytes
with LiFSI and LiDFOB salts, and propylene carbonate (PC) as
solvent, were shown to improve the performance of anodes
fabricated from nano-silicon materials."” This was attributed to
the film-forming properties of LiDFOB, specifically the formation
of Li(BF,0), polymers. In a recent study where trimethyl
phosphate (TMP) was used as a solvent in combination with
microsized silicon electrodes and LiNi,sMn, 0, (LNMO) cath-
odes, better cycling stability was demonstrated with the LiDFOB
salt compared to LiPF.®? For porous germanium anodes,
electrolytes made from carbonate solvents and LiDFOB as the
only salt showed improved performance compared to LiPF,
attributed to the SEI formed in this electrolyte, consisting of
amorphous inorganic particles embedded in the organic
matrix.’” Electrolytes with LIDFOB as the only salt have also
been shown to work well with cells with a NMC622 cathode
and metallic lithium anode.®® For this system, reasonable
performance was obtained with 1,2 ethylene sulfite solvent (ES),
while stable performance could not be demonstrated for
carbonate solvents (due to poor quality of the SEl and cathode
electrolyte interphase (CEl) layers). To our knowledge there are
no reports on the SEl forming properties of LiDFOB on silicon
anodes in combination with LiFSI salts and conventional
carbonate solvents. The reduction potential of LIDFOB has been
shown to lie around 1.5 V,*¥ i.e. below the reduction potential
of LiFSI (1.7-1.8 V&), but above the reduction potentials of EC,
FEC and LiPF4,“” which can affect the SEI formation.

Studies of full cells with LiFSI salts are limited in the open
literature. Recently, good performance of NMC111-Si/graphite
cells was achieved with the concentrated LiFSI:EC 1:2 electro-
lyte, both at the room temperature and elevated temperature
(55°C)."" One previous work has demonstrated cycling of full
cells based on silicon-graphite composite anodes (with 15 wt%
of silicon) and NMC cathodes, and electrolytes based on LiFSI
salts only. The cycling performance was similar to the perform-
ance obtained with LiPFs-based electrolytes, provided that
fluoroethylene carbonate (FEC) was also added.”” However, the
upper cut-off voltage was set to 4.1 V to avoid corrosion of the
Al current collector. Cao et al. have demonstrated significant
improvement of silicon graphite electrodes for solvent mixtures
of dimethoxyethane (DME), FEC and 1,1,2,2-tetrafluoroethyl
2,2,3,3-tetrafluoropropyl ether (HFE), combined with salt mix-
tures of 1.2 M LiFSI and 0.05 M LiDFOB.®” Also in this work, the
upper cut-off voltage was 4.1V. From studies of full cells
utilizing silicon-graphite composite as anodes, it is generally
agreed that the relatively rapid loss of capacity observed is
related to the loss of active lithium in the cells, as lithium is
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consumed in the SEI forming reactions.”**" Furthermore, the
SEl formation may be altered by the lack of lithium in full cells, 125 —gig:gl
eventually forming lithium-free organic degradation products, ——Cycle 3
as observed by Dupré et al.,*” which leads to differences in the & 100+ gzz:gg
SEl formed in full cells compared to half cells. § 25 ]
The main purpose of this work is to demonstrate the %
possibility of reducing the fluorine content in Li-ion full cells § 50 4
composed of silicon anodes (60 wt% of micron sized, low cost g
battery grade silicon), and NMC442 cathodes. The focus is on 21
electrolytes with 1 M concentration of LiFSI and conventional 0
carbonate solvents. In order to mitigate the corrosion of the
aluminium current collector, two additives are compared, '252.5 a0 o " Py =0
namely LiBF, and LiDFOB. The effect of addition of 0.2 M of Voltage [V]
these additives is investigated with silicon-rich anodes, to
obtain information on the SEI forming properties, and NMC442 a)
cathodes in half cells, up to 4.5V as well as bare aluminium
current collectors. NMC442 cathodes together with the silicon- 150
rich anodes are then cycled in full cells together with the most — Cycle
promising electrolytes. After cycling in half cells and full cell, 1254 — Cydle 2 F‘”'
silicon anodes, as well as the aluminium current collector, are & 1] —Cycle3 5; )
subject to post mortem characterization by SEM, cross section § —Cycle 4 H
analysis, TEM imaging and element mapping (for the silicon- i 754 Cycie § S
graphite electrodes), and surface analysis by XPS. In addition to = e e e s
providing useful information on the surface layers formed, the g %1
analysis could verify whether differences between the SEI O Ll
formed in half cells in the LiFSI and LiPF4,-based electrolytes are
still observed after cycling in full cells. o1
-25 T T T T T
25 3.0 3.5 4.0 4.5 5.0
Results and Discussion Voitage [V]
Corrosion resistance of the aluminium current collector b)
The effect of additions of the salt additives LIDFOB and LiBF, on 150
the corrosion resistance of the aluminium current collector was 125 ] - gzz::; 1
investigated by cyclic voltammetry in half-cell configuration at a —Cycle 3 E
slow scan rate (0.1 mV/s). The results are shown in Figure 1. A °E' 100 4 Cycle 4 ? s
high oxidation current, as expected, is observed for the 1 M é’ 25 Cycle 5 3
LiFSI electrolyte, with an onset potential of around 4.2V. It = 0
should be noted, however, that the oxidation currents decrease @ 50 2 e
significantly after the second cycle. Corrosion is mitigated upon 5’
addition of LiDFOB and LiBF,, and peak currents are reduced by 21
a factor of around 20 for LiBF, and almost 2 orders of 04
magnitude for LiDFOB.
A collection of SEM images of the aluminium surface after '252_5 20 25 20 45 50

the CV scans is shown in the Supporting Information, Figure S1,
for all electrolytes. In brief, the surface of the aluminium after
conducting the CV-scans in the LiFSI electrolyte exhibit several
large pits, in addition to layers of deposits. A thin deposit
appear to cover more or less the entire surface, while there are
also regions of thick deposits, typically located in next to large
pits. Small deposits are found also on the surface of aluminium
cycled with LiDFOB and LiBF, additives, but the amount
significantly smaller than for the LiFSI electrolyte.

In order to obtain more information on the chemical nature
of the surface after cycling in the various electrolytes, XPS
spectra were recorded. Figure 2 shows the Al 2p feature of the
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Voltage [V]

c)

Figure 1. Cyclic voltammograms of aluminium current collectors in a) 1 M
LiFSI electrolyte b) 1 M LiFSI+0.2 M LiBF, electrolyte c) 1 M LiFSI+0.2 M
LiDFOB electrolyte.

aluminium electrodes after one CV cycle in the different
electrolytes, together with a pristine Al sample. As the binding
energies of AI-F and Al-O features are close, these peaks could
not be easily deconvoluted. Still, the high energy peak of the
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Figure 2. Al2p spectra of a) fresh aluminium surface and after 1 CV scan for
b) 1 M LiFSI electrolyte c) 1 M LiFSI+ 0.2 M LiBF, electrolyte d) 1 M LiFSI
+0.2 M LiDFOB electrolyte.

LiBF, containing electrolyte is shifted more towards the Al-F
binding energy, compared to the electrolyte with only FSI,
which is more shifted towards Al-O—F. The LiDFOB containing
electrolyte is somewhere between these. Corrosion protection
of the Al current collector has previously been proposed to be
related to formation of an AIF; layer on top of the ALO,
layer,*>*** alternatively referred to as a protective ALO,F,
layer.?¥

The element analysis from the survey scans, the F 1s spectra,
as well as the C 1s spectra are provided in the Supporting
Information, section S2 and Figure S2. From the element
analysis it is observed that the total content of fluorine is
highest for the LiBF, containing electrolyte. The F 1s spectra
confirm that the peak observed in LiBF, is more shifted towards
the Al-F binding energy, whereas for the LiDFOB containing
electrolyte, the F 1s spectrum is more shifted towards LiF. Also,
for this electrolyte, the C 1s spectra clearly indicate a higher
fraction of organic products found on the surface of the
aluminium foil. In a previous study of Al current collectors in
combination with an electrolyte of 1 M LiFSI and 2 wt% LiDFOB
in ECEMC solvent, the surface was also found to be rich in
organic compounds.®" This was proposed to be related to the
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formation of BF,O~ upon oxidative decomposition of LiDFOB,
causing ring-opening and polymerisation of the EC, providing a
surface layer protective against Al corrosion and LiFSI decom-
position. The high content of Al-F features in the LiBF,
containing electrolyte is in agreement with results obtained by
Mun etal.”” upon cycling of Al current collectors in an
electrolyte of LiBF, and TFSI based ionic liquid. Park et al.®” also
observed significant corrosion inhibition of the Al current
collector upon addition of LiDFOB and LiBF, to an LiFSI
electrolyte, but attributed the corrosion protection to formation
of a thick Al,O; layer, possibly with B—O/B—F species on top in
the case of LiBF, while the protective layer formed in the
LiDFOB containing electrolyte was found to contain Al-F, B—F
and B—O species.

Electrochemical Characterization of NMC Cathodes

A comparison of the discharge capacities of the NMC442
electrodes in half-cell configuration with LiFSI-based electro-
lytes, with 0.2 M LiDFOB or LiBF, as additives, is shown in
Figure 3. All the cells cycling in the voltage range 3.0 - 4.2 show
a very stable performance, with discharge capacity of 120 mAh/
g and coulombic efficiency close to 100% throughout the
cycling. Cycling in the voltage range 3.0-4.5¢€V results in stable
cycling with capacity around 150 mAh/g, with the LiDFOB
additive giving a slightly higher capacity, and coulombic
efficiency close to 100% for the cells with additives. The cell
with pure LiFSI electrolyte shows a declining capacity, from 140
to 90 mAh/g over 50 cycles, and a coulombic efficiency around
98 %.

The results shown in Figure 3 are consistent with the results
obtained for the aluminium current collector. The LiFSl-based
electrolyte appear to have an onset potential for oxidation
currents of around 4.2 V. Thus, for an upper cut-off voltage of
4.5V, corrosion of the aluminium current collector is expected
for the LiFSI electrolyte. It should also be noted, that for full
cells with silicon anodes, the potential of both electrodes is
likely to increase during cycling. In our previous work, a
potential increase of 0.3V was observed for cells with a silicon
anode and a NCA cathode over cycles,”® thus illustrating the
need for performing half cell experiments at relatively high cut-
off values.

LiDFOB is a well-known film-forming additive for both
anode and cathode, as the HUMO and LUMO levels are within
the levels of conventional electrolyte solvents, like EC, DMC and
EMC,“ implying that LIDFOB will oxidize prior to the solvents.
An oxidation potential of 4.15-4.23V has been reported.“**”
The formation protective films on the surface of spinel
LiMn,0,"" as well as Li, ;5Nig;sMn, 5,C0,,50, cathodes®™ have
been demonstrated in the presence of electrolytes containing
only the LiDFOB salt. LIDFOB is, however, more commonly
applied as an electrolyte additive™*°***¥ to LiPF, based electro-
lytes in carbonate solvents, to minimize the resistance associ-
ated with the films formed,®? as has also been demonstrated
for Li; ,Nig1sMngssCo,,0, cathodes in full cells.®® After long
term cycling in full cells at a cut-off voltage of 4.6V, the rise in
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Figure 3. Performance of NMC half-cells in LiFSI electrolyte with LiDFOB and LiBF, as additives. a) Discharge capacity versus cycle number, with upper cut-off
of 4.2 V. b) Coulombic efficiency versus cycle number, with upper cut-off of 4.2 V. ) Discharge capacity versus cycle number, with upper cut-off of 4.5 V.

d) Coulombic efficiency versus cycle number, with upper cut-off of 4.5 V.

impedance for this cathode was significantly higher for the
conventional LiPF; electrolyte than for the electrolyte with
LiDFOB additive. The improved stability was attributed to
formation of a passivation layer, resulting from decomposition
of carbonates by radicals formed by the oxidative decomposi-
tion of LiDFOB, also preventing the transition metal
dissolution.”” Gao et al®” also demonstrated that addition of
LiDFOB could improve the cycling performance of NMC622 for
voltages up to 4.6V, by forming protective films to help
mitigate solvent decomposition. No significant increase in the
impedance of the cathode was observed. Similar findings were
reported also for NMC811 upon addition of LiDFOB to a LiPFq
electrolyte in EC:EMC solvent.*? LiDFOB has also been studied
as an additive to LiFSI-based electrolytes. For NMC442 cathodes
in combination with thin, metallic lithium anodes, and an
electrolytes based on LiFSI with LIDFOB as additive,*” the
electrochemical performance (cycling performance and impe-
dance) was shown to be similar for LiFSI/LiDFOB electrolyte and
the LiPFs-based electrolyte. Thus, in spite of differences in the
chemical composition of the CEl (presence of boron, for
example), these do not affect significantly the resistance of the
layers formed on the electrodes. It seems therefore reasonable
to assume that the formation of a passivation film with LiDFOB
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as additive does not appear to cause any additional polarization
of the cathode, regardless of the main salt (LiPF4 or LiFSI).

Electrochemical Performance of Silicon Anodes

Initially, the effect of addition of LIDFOB and LiBF, to the
electrolyte on the performance of silicon electrodes was
investigated. Half-cells were assembled with and without
LiDFOB and LiBF,, and galvanostatically cycled. The results are
presented in Figure 4, showing the average specific capacity of
3 cells, and coulombic efficiency versus cycle number.

The cells exhibit an initial capacity of 2500, 2776 and 2719
mAh/g in the formation cycle for 1 M LiFSI, 1 M LiFSI4+0.2 M
LiBF,, 1 M LiFSI4+0.2 M LiDFOB, respectively. After 100 cycles,
the capacities have dropped to 1590, 1546 and 1645 mAh/qg,
respectively. The capacity drops steadily for the electrolyte with
LiBF, added, but goes through a maximum for the LiFSI and
LiFSI+0.2 M LiDFOB electrolytes (at cycle 6 and 17). The
coulombic efficiencies have very similar initial value of 80.5%,
81.5% and 80.3% for LiFSI, 0.2 M LiBF, and 0.2 M LiDFOB,
respectively. After the 4" cycle, the CE varies somewhat
between 98.8% and 99.5% for all electrolytes.
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Figure 4. Averaged performance of Si half-cells in LiFSI electrolyte with 0.2 M
LiBF, or 0.2 M LiDFOB as additives. Specific capacity versus cycle number
and (left axis) coulombic efficiency versus cycle number (right axis).

From Figure 4 the addition of LiDFOB appears actually to
slightly improve the performance of Si electrodes compared to
addition of LiBF,, or the pure LiFSI electrolyte. The capacity
retention after 100 cycles was 74%, 64% and 71% for the
electrolytes with addition of 0.2 M LiDFOB, 0.2 M LiBF, and 1 M
LiFSI, respectively. Addition of small amounts of LiDFOB to LiPF
based electrolytes has been suggested to improve the perform-
ance of silicon-graphite composite anodes,*® as well as for
NMC/Silicon-graphite full cells.** For fluorine-rich electrolyte
solvents, based on HFE, good performance of silicon electrodes
was demonstrated for electrolytes based on LiFSI as salt, with
addition of LiDFOB (1.2 M LiFSI and 0.05 M LiDFOB).B*! Electro-
lytes based on pure LiBF, has been shown to result in inferior
performance of binder-free graphite electrodes,” while addi-
tion of 10 wt% LiBF, to the LiPF6 electrolyte improved the
performance.”

The LiDFOB salt has been shown to reduce at potentials
around 1.6-1.8 V,[1®34384036 j o slightly below the reduction
potentials reported for LiFSI, in the range 1.8-2.2V.F® As
discussed in previous works,*” the reduction potential of LiFSI
is strongly depending on the solvent. For a similar carbonate
solvent mixture as the one used here, a reduction peak around
1.8 V has been reported.® Thus, for electrolytes based on either
1 M LiFSI, or 1 M LiFSI+0.2 M LiDFOB, the initial SEI formation
implies the reduction of salts, while all solvent components
have lower reduction potential, and will contribute to the
formation of organic SEI components on the outer surface of
the SEI. It should also be noted that there is no significant
difference between the polarisation observed for the 1 M LiFSI
and the 1 M LiFSI+0.2 M LiDFOB electrolytes, while a slightly

the Na-CMC binder) decrease significantly after 100 cycles due
to the formation of a SEl layer on the anode surface. The
highest amount of Si is detected on the electrode cycled with
the LiFSI/LiBF, electrolyte, indicating the formation of a thinner
SEI layer with this electrolyte. The SEI on the electrode cycled in
LiFSI/LIDFOB electrolyte appears to be dominated by organic
compounds, due to the presence of more carbon and less
fluorine, lithium and sulfur in this layer. Previous works have
also suggested the presence of lithium oxalate and oligomeric
borates in the SEI, which are carbon rich species, upon addition
of LIDFOB.">*%5%¢2 The SE| layer formed in the presence of LiBF,
appears to be dominated by inorganic species, such as LiF.
Similar results were obtained in the work of Xu et al.*® where a
range of salts were compared in combination with binder-free
graphite electrodes. In this work, the SEI formed in LiBF,
resulted in higher fractions of LiF on the surface compared to
other salts (including LiFSI, LIiDFOB and LiPF). Additionally,
borate is present in the SEl layers formed in LiBF, and LiDFOB
containing electrolytes. The amount is more than doubled for
the LiBF, additive compared to the LiDFOB additive. It has been
suggested that the LiBF, salt decompose more easily to form
borated species such as alkyl borates, lithium borates and
lithium fluoroborates in the SEI layer," while the LIDFOB salt is
more stable.

Figure 5 shows the core level peaks of C 1s, O 1s and F 1s
for the anodes after 100 cycles. The C 1s peaks can be assigned
to C—C and C—H bonds at 285 eV, C—0O at 286.5 eV, overlapping
C=0 and O—C=0 peaks around 288 eV and Li,CO; around 289-
290 eV."” For the LiIDFOB containing electrolyte, a rather broad
peak between 288 and 290 eV most is most likely an overlap of
C=0, O—C=0 and Li,CO,features. For the LiBF, and LiDFOB
additives, the peak at 291 eV is assigned to a —CHF—OCO,-type
reduction product from FEC®*” For LiFSI and the LiDFOB
additive, a peak is observed at 282.8eV and 2824eV,
respectively, corresponding to lithiated carbon.'®%®

acquired from survey spectra after XPS measurement.

Table 1. Elemental composition in at.% of Si electrode surfaces after 100 cycles in 1 M LiFSI, 1 M LiFSI+0.2 LIDFOB or 1 M LiFSI+0.2 M LiBF, electrolyte,

Element Si Na C (6] F Li B N S
Fresh Si anode 8.2 0.7 739 17 - - - - -
1 M LiFSI 0.5 0.1 24.2 25.6 133 244 - 34 8.5
LiFSI+LiBF, 1.1 0.4 16.3 243 17.1 30.2 4.6 1.9 4.2
LiFSI+ LiDFOB 0.2 0.3 375 25.2 9.2 216 1.9 1.4 2.7
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Figure 5. C1s, O1s and F1s spectra for Si electrodes after 100 cycles in a) 1 M LiFSI electrolyte b) 1 M LiFSI+ 0.2 M LiBF, electrolyte c) 1 M LiFSI+0.2 M LiDFOB

electrolyte.

The O 1s peaks shown in Figure 5 correspond to organic
components, such as C—0, (=0 and O—C=0, at 533 eV, Li,CO,
at 532eV and a S=O feature at 533.7 eV.'"%* The organic
species in the O 1s spectra are often overlapping in the region
of 531-534 eV, and could therefore not be resolved. For the
LiBF, and LiDFOB additive, an additional peak was observed at
532 eV, attributed to B—O feature, likely to be decomposition
products of the borated salts such as alkyl borates (B(OR);) (R=
alkyl group), lithium borates (Li,BO,), lithium fluoroborates
(Li,BO,F,) and cross-linked oligomeric borates (only observed for
LiDFOB)."**" The O 1s spectra also indicate that the SEI formed
in the LiBF, containing electrolyte has a higher fraction of
inorganic species, than the LiDFOB containing electrolyte, as
discussed above.

The F 1s peaks shown in Figure 5 are dominated by the
features of LiF at 685 eV and the S—F bond of LiFSI at 688 eV. In
addition, a peak at 687 eV is seen for the LiBF, containing
electrolyte, and at 686.6 eV for the LiDFOB containing electro-
lyte, attributed to a B—F feature.

The Li 1s and B 1s peaks are shown in the Supporting
Information, Figure S4. The peaks of the Li 1s spectra are

Batteries & Supercaps 2024, 7, e202300541 (7 of 16)

attributed to a LiF feature at 56 eV and Li,CO; at 55.5 eV, which
could also contain lithium bound to organic components. The
SEI from the LiBF, containing electrolyte is dominated by the
LiF peak, both in the F 1s spectra and the Li 1s spectra, in
accordance with the high amounts of Li and F in the survey
scan, confirming the high amount of LiF in the SEl layer in the
presence of LiBF, salt. The Li 1s signals for LiFSI and LiDFOB
electrolytes are dominated by the Li,CO; peak. The B 1s spectra
are deconvoluted into B—F and B—O features (Figure S4d) and
e)). For the LiBF, containing electrolyte, the B—O feature is
dominating, which has previously also been observed,” and
must be related to reactions involving the solvent or SEI
compounds.

The LiDFOB electrolyte appear to have a slightly higher
share of organic components than the LiFSI. Chemical reduction
of LiIDFOB has previously been found to result in decomposition
products like lithium oxalate, Li,CO;, and crosslinked
oligoborates.”™ DFT calcluations indicate that the B—O bond of
the LIDFOB salt has a negative bond strength,** and will
therefore decompose into an oxalate anion and BF,. Thus, the
B—F bonds are relatively stable in LiDFOB, which might provide
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an explanation for the low amount of LiF. In the work of Chang
et al, nano-silicon electrodes were cycled in dual salt electro-
lytes of LiFSI and LiDFOB (70:30), with PC as the solvent."
Based on the higher fraction of B—F with respect to B-O
features in the xps spectra, the SEI was suggested to be
composed of Li(BF,)On-polymers and lithium oxalate, associ-
ated with ring opening reduction of LIDFOB and PC. The
improved electrochemical performance observed for the mixed
electrolyte was attributed to the presence of Li(BF,)On
polymers, leading to a flexible and passivating SEI. These results
are consistent with our results, even if the exact nature of
organic compounds are hard to prove by xps only.

Overall, the addition of LiBF, leads to formation of an SEI
layer which is thin, and rich in salt reduction products like LiF
and Li,BF,, similar to previously reported results for SEI layers
for electrolytes with LiBF, as the only salt."***’? Upon addition
of LiDFOB, however, the SEl is rich in organic compounds, there
are less salt reduction products, and the SElI appears more
similar to the SEI formed in the pure LiFSI electrolyte. This is
further supported by the xps spectra, where LiFSI and LiDFOB
electrolytes clearly show an outer SEl enriched in organic
components. Thus, addition of LiBF, disrupts the good SEI
forming properties known for LiFSl-based electrolytes,'®™
related to the HF formation in this electrolyte, while the SEI
film-forming properties shown for LiDFOB salt for other electro-
lyte systems!">**7*! appear also here to provide a good quality
SEI.

Full-cell configuration

Given the excellent performance upon of the LiDFOB containing
electrolyte compared to LiBF,, with respect to cycling of silicon
anodes, NMC cathodes as well as the Al current collector
corrosion, electrolytes with 1M LiFSI and 1M LiFSI+0.2 M
LiDFOB, were selected for cycling in full cells, with 1 M LiFSI and
1 M LiPF4 in the same carbonate solvent mixture as references.

In Figure 6a) the average specific capacity w.r.t. NMC versus
cycle number for all electrolytes is presented, and in Figure 6b)
the coulombic efficiency versus cycle number. The initial
capacities for the cells were 128, 132 and 138 mAh/g(NMC) for
1 M LiFSI, 1 M LiPFg and 1 M LiFSI4 0.2 M LiDFOB, respectively.
The capacity retention after 200 cycles was 28% in 1 M LiFSI,
25.5% in 1 M LiPFs and 28% in 1 M LiFSI+0.2 M LiDFOB. The
coulombic efficiencies are initially highest, but noisy, for the
LiPFs and LiFSI+0.2 M LiDFOB electrolytes, which is typically
attributed to release of trapped lithium from the silicon anode
from previous cycles. After approximately 40 cycles, the
coulombic efficiency drops to 99% for the LiPF, electrolyte,
while it remains slightly higher for both LiFSI based electrolytes.
Similar performance for LiPF; and LiFSl-based electrolytes in
carbonate solvent were also demonstrated in NMC-silicon/
graphite full cells, provided that FEC was used as additive.* It
should be noted that the upper cut-off voltage in this work was
limited to 4.1 V.

The poor capacity retention is to be expected, given the
high utilization of the silicon electrodes in this case (more than
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Figure 6. Averaged performance of full-cells with the different electrolytes.

a) Specific capacity versus cycle number. The standard deviation of the data
in a is included as the light colored areas above and below the data points.
b) Coulombic efficiency as a function of cycle number.

2000 mAh/g). Beattie et al.*® obtained a capacity retention just
below 50% after 200 cycles for high-loading electrodes made
from 70 wt% of a similar silicon, with a utilization of 1600 mAh/
g(Si). In our previous work,“® a capacity retention of 80% after
150 cycles was obtained in full cells for electrodes of similar
composition, where the anodes were designed to deliver 1200
mAh/g(Si) for the set n/p ratio. The unusually high utilization
used for this work is expected to exaggerate potential differ-
ences between the electrolytes during long-term cycling.

From the differential capacity plots in Figure 7, it is seen
that the charging peak (plateau) is shifted to higher potentials
in a similar manner for all electrolytes. The corresponding
voltage curves are provided in FigureS5 in Supporting
Information. However, while the discharge plateau is shifted
towards similar values for the LiPF; and the 1 M LiFSI+0.2 M
LiDFOB electrolyte, implying that the polarisation increase from
around 0.2V in the second cycle to around 0.25V in cycle no.
200, the shift is way higher for the 1M LiFSI electrolyte,
resulting in a polarisation at cycle 200 of around 0.4 V. In other
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Figure 7. Differential capacity plots derived from voltage profiles of full cells,
for a) 1 M LiPF4, b) 1 M LiFSI and ¢) 1 M LiFSI+0.2 M LiDFOB. Every 10th
cycle is plotted with color gradient from blue (first cycle) to red (200th
cycle).

works, the potential at both electrodes is found to increase
during cycling of similar electrodes in full cells with a
3-electrode configuration,”** implying that cathode voltages

Batteries & Supercaps 2024, 7, e202300541 (9 of 16)

in the range 4.4-4.6 eV with respect to Li/Li* are reached. In
view of the degradation of the cathode at the highest voltage,
shown in Figure 3, it is therefor not unexpected that an
additional polarization arise on the NMC electrodes in the LiFSI
electrolyte during cycling. The additional polarization is also
evident by comparison of the capacities obtained during the
potentiostatic hold step. At charge, the step corresponds to a
constant capacity of 2-3 mAh/g(NMC) for all cycles with 1M
LiPFs and 1 M LiFSI+0.2 M LiDFOB. Initially, the step corre-
sponds to 3 mAh/g(NMC) for LiFSI, increasing to 6 mAh/g(NMC)
after 200 cycles, indicating more severe kinetic limitations over
time for this electrolyte. However, the electrolyte with only LiFSI
results in better performance than expected given reports on
issues with Al corrosion when using this salt"®”# It should be
noted that in these studies, coin cells were used, and it was
debated whether Al corrosion was due to the LiFSI salt, proven
to be incompatible with steel” or CI~ contamination. Overall,
the addition of LiDFOB to the LiFSI electrolyte appears to
improve the performance of these NMC/silicon full-cells.

The capacity fade observed in Figure 6 is related to the loss
of the lithium inventory, as has already been suggested in other
works.">*¥ The difference in cycling performance is furthermore
attributed to loss of capacity for the NMC cathode, observed
from half cell experiments when cycled in LiFSI at potentials
higher than 4.3V for LiFSI electrolytes, while the cycling is
stable upon addition of 0.2 M LiDFOB. Regarding the poor
performance of the NMC at higher potentials, corrosion of the
aluminum current collector is considered to be the most likely
explanation. In the work of Trask etal.,*? the performance
degradation of full cells with NMC and silicon-graphite
composite electrodes in LiFSI electrolyte was attributed entirely
to the anode. In this work the silicon-graphite composite
contained only 15 wt% of silicon, and the upper cut-off voltage
was 4.1V, so possible shifts in electrode potentials are also
expected to be lower. From Figures 6 and 7, there is no
significant difference between the LiPF; and the 0.2 M LiDFOB
electrolyte, as even the differential capacity curves evolves in an
identical manner for the two electrolytes, with similar reduc-
tions and shifts of both anodic and cathodic peaks.

Post mortem characterisation of Si electrodes cycled in full
cells

In this section, results from extensive post mortem character-
ization of the silicon electrodes cycled in full cells, by SEM, FIB-
SEM, TEM and XPS are presented. A comparison is made to our
previous extensive study with similar electrodes, in combination
with LiFSI and LiPF4 electrolytes in half cells, to identify potential
differences between the SEI formed in full cells and half cells."”
The main aim of the post mortem characterization is to verify
that the beneficial structure of the SEI formed in LiFSI
containing electrolytes, with an inner layer of inorganic
compund, and an outer layer of primarily organic, ensuring the
flexibility of the SEl, is present also in full cells.
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FIB-SEM analysis for evaluation of electrode morphology

The micrographs of electrode cross sections, Figures 8a) and
8b), clearly shows that after 10 cycles, the Si electrode cycled in
LiPF4 is subject to more roughening of the particle surface and
a more severe expansion of the electrodes. As the capacities are
rather similar, this indicates a less uniform lithiation of the
silicon, most likely related to a less uniform SEI on the particle
surface. SEM micrographs of the surfaces of the electrodes are
shown in the Supporting Information, Figure S7. For compar-
ison, Figure S6a) in the Supporting Information, shows the
examples of a SEM micrograph of the surface of the pristine
silicon electrode, and the cross section of a pristine electrode is
shown in Figure S6b).

TEM analysis of Si particle morphology

Figure 9 show high angle annular dark field scanning trans-
mission electron microscopy images of silicon particles after 10
cycles in either 1 M LiFSI, Figure 9a), or 1 M LiPF,, Figure 9b),
electrolyte. The corresponding image of the pristine silicon is
shown in Figure S6c). From the micrographs, a large difference
in Si particle morphology after 10 cycles is seen for the two
electrolytes. Just like in the cross section micrographs above,
the Si particle in Figure 9b), cycled in the LiPF, electrolyte,
clearly has been less uniformly lithiated than the largest Si
particle in Figure 9a), where LiFSI was the electrolyte salt. For
the Si particle in Figure 9b), the surface and interior has become

Figure 8. SEM micrographs of cross sections of Si electrodes after 10 cycles
in full-cell configuration with NMC442 cathode with electrolytes of a) 1 M
LiFSI b) 1 M LiPF,.

Batteries & Supercaps 2024, 7, e202300541 (10 of 16)

Figure 9. High angle annular dark field scanning transmission electron
microscopy image of Si particles in Si electrodes cycled 10 times in full-cell
configuration with NMC442 cathode with either a) 1 M LiFSI or b) 1 M LiPFg
electrolyte.

highly roughened. The largest Si particle in Figure 9a) shows
little sign of roughening, even though the capacity achieved
with these cells actually were higher for the cell with LiFSI
electrolyte. Hence, the nonuniform lithiation of the Si particles
in LiPF4 electrolyte must be due to less uniform SEI layer. More
micrographs of Si particles from these electrodes are given in
Supporting Information, Figure S8.

SEl Composition of Silicon Electrodes Cycled in Full Cells
TEM element analysis

Figure 10 show element analysis by TEM of the two Si electro-
des discussed above. Figures 10a) and 10c) show the same
sample region, but mapped for different elements, of the Si
electrode cycled 10 times in 1 M LiFSI. Similarly, Figure 10b) and
10d) show the same sample region, but mapped for different
elements, of the Si electrode cycled 10 times in 1 M LiPF,. In
Figures 10a) and 10b) red is silicon, green is carbon and blue is
lithium. In Figures 10c) and 10f) red is lithium, green is fluorine
and blue is oxygen, hence overlap between lithium and fluorine
become yellow and overlap between lithium and oxygen
become purple.
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Figure 10. Combined and colored element maps acquired by TEM element analysis of Si electrodes cycled 10 times in full-cell configuration with NMC

cathode with either 1 M LiFSI a) and c) or 1 M LiPF¢ b) and d) electrolyte.

After cycling in 1 M LiFSI electrolyte (Figures 10a) and 10c)),
lithium is primarily detected around the Si particles and there is
a strong overlap between lithium and oxygen. Some overlap
between lithium and fluorine is evidenced in the upper part of
Figure 10c), where small Si particles are located. Also, some
lithium is detected within the Si particles, especially near the
particle edges.

After 10 cycles in 1 M LiPF, electrolyte, Figures 10b) and
10d), some differences are evident compared to after cycling in
1M LiFSI electrolyte. Here, the detected amount of lithium
within the silicon particle is quite high, while less is found in the
particle surroundings. As the images are taken from cross
sections of the particles after discharge, this indicates that more
lithium is trapped after cycling in the 1M LiPF, electrolyte
compared to in 1 M LiFSI electrolyte. For both electrodes, the Si
particle surroundings have a high concentration of oxygen,
however the overlap between lithium and oxygen for the
electrode cycled in LiPF, electrolyte is much less evident than
for the electrode cycled in LiFSI electrolyte. Some overlap
between lithium and fluorine is observed in the left and upper
right part of Figure 10d), predominantly in between carbon
black particles, and not close to silicon. This same feature, with
LiF positioned in the SEI quite far from Si particles surrounding
carbon black particles, was seen when cycling Si electrodes in
half-cells with 1 M LiPF, electrolyte."™ In Figure 10, the LiF is
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found as small grains though, while after cycling in half-cells,
the LiF had assembled in larger clusters.

XPS

Table 2 shows the elemental composition, in atom%, of the
surface of the Si electrodes cycled 10 or 50 times in full-cells
with either 1M LiFSI or 1 M LiPF, electrolyte. The surface
analysis of a fresh, uncycled Si electrode is also included in the
table. Trace amounts of Na, Cu and minor impurities are not
included. The percentages of the different elements detected
on the electrodes cycled in LiFSI electrolyte show very little
variation with cycling, suggesting a very stable SEI. The salt
reduces first in this electrolyte, and since only small variations
in the percentages of the inorganic elements (F, Li, N and S) can
be seen, we take this as an indication of a good, flexible and
passivating SEIl. For the electrodes cycled in LiPF, electrolyte on
the other hand, the percentage of lithium and oxygen increased
and percentage of carbon decreased with cycling, indicating a
less stable SEI with cycling compared to in the LiFSI electrolyte.
It should also be noted that the LiFSI electrodes have notably
higher percentages of oxygen and lower percentages of
fluorine and lithium compared to the LiPF¢ electrodes.
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Table 2. Elemental composition in atom% of Si electrode surface before and after full-cell cycling against NMC cathode in either 1 M LiFSI or 1 M LiPF,4
electrolyte, acquired from survey spectra obtained with XPS.

Element Si o C F Li N S P

Fresh electrode 54 20.2 737 - - - - -

10th cyc 1 M LiFSI - 433 29.2 109 12.8 1.3 1.2 -

50th cyc 1 M LiFSI - 43.6 313 9.6 11.7 20 1.6 -

10th cyc 1 M LiPFg - 31.6 32.0 16.8 17.2 - - 1.0

50th cyc 1 M LiPFg - 337 28.0 16.7 20.3 - - -

Figure 11 shows the C 1s spectra of the Si electrodes after
10 and 50 cycles in full-cell configuration in electrolyte
containing either 1 M LiFSI, Figures 11a) and 11c¢), or 1 M LiPF,
Figures 11a) and 11d). The peak with the lowest binding energy,
at 282.8 eV, is assigned to lithiated carbon.®*®® The peak at
285 eV is assigned to C—C/C—H (adventitious carbon), the peak
at 286.3 eV is assigned to C—O, and the peak at 290 eV is
assigned to carbonates, CO,.'%4%%4-677678 The peak at 288.7 eV is
assigned to O-C=0/C=0.""¢"7""1 For the electrodes cycled 50
times, the peak at 291eV is assigned to FEC reduction
products.©%¢”!

The main difference observed from the C 1s spectra, is the
significantly higher peak at 282.8 eV, Li,C, after 10 cycles for
LiPF,. After 50 cycles, the percentages of Li C are almost equal
for the two electrolytes. Also after 50 cycles, the percentage of
carbonate has increased for both electrodes at the expense of
the percentage of adventitious carbon, and a peak for the FEC
reduction product have appeared in the spectra. This peak is
larger for the electrode cycled in LiPF; electrolyte than the one
cycled in LiFSI electrolyte, suggesting more FEC reduction due
to SEI cracking during lithiation/delithiation. From the SEM and
TEM micrographs, lithiation appears less uniform for the
electrode cycled in LiPF; compared to the LiFSI electrolyte,
hence more SEI damage and reformation is expected. In the
LiPF4 electrolyte, FEC has the highest reduction potential, thus
FEC reduces first when SEl is formed in this electrolyte. Thus,
detection of less FEC reduction product and stable percentages
of inorganic elements on the Si electrode cycled in LiFSI
electrolyte suggests less SEl damage.

Figure 11 shows the O 1s spectra for the Si electrodes
cycled in LiFSI 10 and 50 times, Figures 11e) and 11f), and in
LiPFs 10 and 50 times, Figures 11g) and 11 h). Dotted lines are
included in the spectra at the binding energies for expected
environments, namely C=0 at 531.8eV and C-O at
533.4 eV.**%%8 The binding energy for Li,SiO, at 530 eV"” is
marked in the spectra, along with the binding energy for a
reduction product of FEC at 534, here denoted poly(FEC)."®
None of the spectra show a distinct shoulder in the peak at
these energies. In general, the O1s spectra are difficult to
resolve, and thus only provide information about the dominat-
ing bonds.

All the C 1s spectra show the peak centered around the
binding energy of C=0. When evaluating the features in the
spectra it must be considered that carbonates (Li,CO;) only
contribute to the C=0 feature of C1s, while organic compo-
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nents contribute to both the C—O feature and the C=O
feature.®® Therefore, organic components are very likely
contributing to the C=0 feature in the O 1s spectra here for all
the samples.

In Table 1 it can also be seen that the ratio between lithium
and fluorine was quite stable with cycling in LiFSI, while in LiPF
electrolyte an increase in amount of lithium with cycling
increases the ratio. After 50 cycles the difference is more
carbonate and FEC reduction product on the electrode cycled
in LiPF; electrolyte. The F 1s and Li 1s spectra show no
significant differences and are presented in Supporting Informa-
tion, Figure S9.

Regarding the SEI formation, the benefits of the LiFSI
electrolyte, as identified from half-cell experiments, are still
recognized in the electrodes cycled in full cells. The SEI formed
appears more flexible, as seen from the cross section micro-
graphs, and with smaller amounts of FEC reduction products
observed. From the TEM element map, the electrode cycled in
LiPF¢ appears to have more trapped lithium, both in the silicon
particles, and in the carbon, which is also consistent with the
lower coulombic efficiency and the higher degradation rate for
this electrolyte. Furthermore, the same tendency for clustering
of LiF around carbon black particles is observed, although less
pronounced than for the electrodes cycled in half cells. In LiFSI
less lithium was detected in the Si particles and large amounts
of lithium oxide in the surroundings. This suggests that the SEI
from LiFSI consist of more species containing lithium and
oxygen, like Li,O and Li,CO;, than the SEI from LiPFs. As
previously shown,“® the lower surface area of the silicon used
for these anodes is beneficial in terms the lower amount of SEI
formation and repair during cycling.

Conclusions

LiFSI-based electrolytes, with LiBF, and LiDFOB as additives,
have been investigated with the aim of demonstrating cycling
in full cells with a cathode voltage >4.3 V. The performance of
the electrolytes was first studied separately in high content
silicon anodes (60 wt% micronsized Si, 10 wt% graphite),
NMC442 cathodes, and the aluminium current collector, by
electrochemical methods and post mortem analysis (SEM
imaging and XPS). Electrolytes with LiDFOB as additive were
shown to exhibit the lowest oxidation currents for aluminium
current collectors, with almost no visible changes to the surface
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Figure 11. C 1s and O 1s spectra recorded for Si electrodes after cycling in full cells. a) C 1s spectra for Si electrodes cycled 10 times in TM LiFSI b) C 1s spectra
for Si electrodes cycled 50 times in 1M LiFSI ¢) C 1s spectra for Si electrodes cycled 10 times in 1M LiPF, d) C 1s spectra for Si electrodes cycled 50 times in 1M
LiPF, e) O 1s spectra for Si electrodes cycled 10 times in 1M LiFSI f) O 1s spectra for Si electrodes cycled 50 times in TM LiFSI g) O 1s spectra for Si electrodes
cycled 10 times in 1M LiPF4 h) O 1s spectra for Si electrodes cycled 50 times in 1M LiPF.

(from SEM micrographs), while the XPS spectra confirmed the
presence of AI-O—F and Al-F features. Similarly, this electrolyte
showed the best performance of silicon anodes in half cells,
with an SEl rich in organic compounds, and less LiF. The
addition of LiBF, also significantly reduced the oxidation
currents for the aluminium current collector, and the surface
was verified to be enriched in Al-F features (from XPS).

Batteries & Supercaps 2024, 7, e202300541 (13 of 16)

However, the silicon anodes showed an inferior performance in
this electrolyte, with an SEl rich in LiF. Thus, for anodes with a
high silicon content, the addition of a hydrolyzing salt appears
to disrupt the good SEI forming properties of LiFSI. Upon
cycling of NMC442 cathode in half cells with the same electro-
lytes, stable performance was observed for all, at a a cut-off
voltage of 4.2 V. At 4.5V, rapid degradation was observed for
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the LiFSI electrolyte, while the capacity was stable upon cycling
in LiFSI with LiBF, or LIDFOB added. The good performance of
the LIiDFOB additive could also be verified in full cells,
composed of silicon-graphite anodes (60 wt% Si) and NMC442.
Thus, the combination of LiFSI and LiDFOB salts can significantly
reduce the content of fluorine compared to conventional
electrolytes based on LiPF.

Furthermore, it could verified that the benefits of the LiFSI
salt with respect to SEI formation on the silicon anode observed
in half cells was also preserved in full cells. The XPS results
indicated that the SEI formed in LiFSI electrolyte was more
stable with cycling in full cells, than the SElI formed in the
reference LiPF, electrolyte, and likely to be more flexible and
conductive, as indicated from the more uniform lithiation of the
silicon particles in the LiFSI electrolyte. While the SEI formed in
the LIFSI electrolyte is rich in Li,O and Li,CO;, the content of LiF
is much higher for the SEI formed in LiPF, and located around
the carbon black particles.

Experimental
Electrochemical characterization

Electrode preparation

Silicon electrodes were prepared by making a slurry of 60 wt% Si
(Silgrain®, e-Si 400, a commercially available battery grade silicon
from Elkem), with an average particle size of 3 um, 10 wt% graphite
(KS6 L, Imerys), 15 wt% carbon black (C-Nergy C65, Imerys) and
15 wt% Na-CMC binder (Sigma Aldrich Mw ~90000). An aqueous
buffer with citric acid and potassium hydroxide at pH=3 was used
as solvent. The slurry was cast onto dendritic copper foil and dried
at 120 °C under vacuum.”

Cathodes were made from a slurry conataining 80 wt% NMC442
(BC-723 K, 3 M), 10wt% carbon black (Timcal, C-NERGY (C65)
conductive additive and 10 wt% PVDF binder (polyvinylidene,
Arkema). The slurry was homogenized in a radially oscillating mixer
(RETSCH MM400) at 15 Hz for 45 minutes. The slurry was tape-
casted onto Al foil (15 um thickenss, Hydro), by means of a coater
(KR - K Control Coater), resulting in a wet-film thickness of ca.
150 um. Electrodes were subsequently dried in a ventilated
convection oven at 60 °C, and circular electrodes of 1.6 cm diameter
were punched from the casts. The capacity of the cathodes were in
the range ~0.40-0.45 mAhcm™2, with a thickness of ~30 um as
determined by using a digital caliper. The electrodes were dried in
vacuum at 120°C and were finally kept in an Ar-filled glovebox (O,
< 0.1 ppm, H,0 <0.1 ppm) prior to cell assembly.

Half-cell characterization of silicon-graphite electrodes

For half-cell characterization, silicon electrodes were assembled in
CR2016 coin cells (Hohsen) with Li metal as counter electrode and
Celgard 2400 as separator. The electrolytes used were 1 M LiFSI (>
99.9%, American Elements), 1M LiFSI4+0.2 M LiBF, (>99.99%
anhydrous, Sigma Aldrich) or 1 M LiFSI+0.2 M LiDFOB (anhydrous,
Sigma Aldrich) in EC, PC and diethyl carbonate (DEC) (1:1:3 by wt,
anhydrous, Sigma Aldrich) with 1 wt% vinylene carbonate (VQ)
(979%, Sigma Aldrich) and 5wt% FEC (>99%, acid <200 ppm,
anhydrous, Sigma Aldrich). Cell assembly was done in an Ar-filled
glovebox. The cells were cycled using a BioLogic BCS 805 battery
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cycler. The cells underwent one formation cycle at C/20 before 100
cycles at C/2 in voltage range 0.05-1.0. The C-rate was defined as
1 C corresponding to 3600 mAh/g(Si).

Half-cell characterization of NMC electrodes and aluminium
current collectors

For characterization of NMC half-cells, NMC electrodes were
assembled in aluminum bags coated with polypropylene (pouch
cells) with Li metal as counter electrode and Celgard 2400 as
separator. Aluminium current collectors were characterized electro-
chemically in the same configuration. The electrolytes used were
the same as for the silicon-graphite electrodes. Cell assembly was
done in an Ar-filled glovebox. Electrochemical characterization was
performed on a BioLogic BCS 805 battery cycler. The cells were
subjected to one formation cycle at C/10 and 59 cycles at 1 C in
voltage ranges 3.0-4.2V and 3.0-4.5V. 1 C was defined as 150
mAh/g(NMC).

Characterization of NMC-Silicon full cells

Silicon and NMC electrodes were assembled in pouch cells using
aluminum bags coated with polypropylene. The NMC electrodes
contained 6.14+/—02mg NMC, amounting to 045+
/—0.02 mAhcm 2 This translates to a capacity of approximately
2000 on the silicon electrodes, where loading was 0.2 mAhcm™
silicon. Celgard 2400 was used as separator. The silicon and NMC
electrodes were 16 mm in diameter. Cell assembly was done in an
argon filled glove box. Electrolytes used were 1 M LiPFg (battery
grade, Sigma Aldrich), 1 M LiFSI (>99.9%, American Elements), 1 M
LiFSI+ 0.2 M LiDFOB, (anhydrous, Sigma Aldrich) in EC, PC and DEC
(1:1:3 by wt, anhydrous, Sigma Aldrich) with 1 wt% VC (97 %,
Sigma Aldrich) and 5 wt% FEC (>99%, acid <200 ppm, anhydrous,
Sigma Aldrich).

Galvanostatic cycling was performed using a BioLogic BCS 805
battery cycler. Experiments were performed at constant currents
where C-rate was defined as 1 C=150 mAh/g (NMC). Standard
galvanostatic cycling was performed in the voltage range 2.2-4.3 V.
The first cycle was done at C/10 and continued cycling at C/2. After
each charge and discharge a constant voltage step was applied
until the current decreased to C/4.

Post mortem characterization

For post mortem characterization of silicon electrodes, full-cells
were cycled in pouch cells for 10 or 50 cycles (after the formation
cycle). Thereafter, the cells were disassembled in an argon filled
glove box, rinsed with DMC and dried under vacuum at 70°C for
3 hours. The electrodes were further mounted on sample stubs and
transferred to FIB and XPS.

Cross-section TEM samples were prepared with a Helios G4 UX
focused ion beam (FIB). Carbon or Pt layers were first deposited on
top of the electrode to protect the area of interest below. The first
part of the protection layer was deposited by electron beam
assisted deposition. Thick lamellas were cut out and transferred to
dedicated Cu TEM half-grids by standard lift-out technique. Coarse
thinning was performed with 30 kV ion-beam acceleration voltage.
Final thinning was done at 5 and 2 kV on either side of the lamellas
to minimize ion-beam induced surface damage. TEM was per-
formed with a double Cs aberration corrected cold-FEG JEOL ARM
200CF, operated at 200 kV. The instrument is equipped with a 100
(0.98 sr solid angle) Centurio SDD for energy dispersive X-ray
spectroscopy (EDS) and a Quantum ER GIF for dual electron energy
loss spectroscopy (EELS). All spectroscopy was done in STEM-mode
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and by performing EDS and dual-EELS simultaneously during
mapping.

XPS characterization was performed by a Kratos Analytical Axis
Ultra DLD XPS. The XPS uses an aluminum monochromatic X-ray
source operating at 100 W. For each sample, three survey scans
with pass energy 160 eV and resolution 0.5 eV from 1200-0 eV
were performed in order to identify the elements present on the
anode. Next, each core peak of interest underwent 3-7 narrow
scans, depending on ease of detection, at pass energy 20 eV with
resolution 0.1 eV or 0.05eV in order to get high resolution data.
The measurements were done at 1x107°, with an acceleration
voltage of 12 kV and a 12 mA beam current. To avoid exposing the
electrodes to air, an inert transfer arm was used when transferring
the samples from the glove box to the XPS. The resulting data were
processed using the software CasaXPS. The XPS spectra, both
survey scan and all core peaks, were energy calibrated with respect
to the adventitious carbon peak in the C 1s spectrum, which is
positioned at binding energy 285 eV. A tougard background was
used when fitting the peaks.
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