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Understanding the Role of Imide-Based Salts and
Borate-Based Additives for Safe and High-Performance
Glyoxal-Based Electrolytes in Ni-Rich NMCg,, Cathodes for

Li-lon Batteries.

Michel Klein, Markus Binder, MatjaZ KoZelj, Adriano Perini, Tom Gouveia,
Thomas Diemant, Annika Schiir, Sergio Brutti, Enrico Bodo, Dominic Bresser,

Juan Luis Gémez-Urbano,* and Andrea Balducci*

Herein, the design of novel and safe electrolyte formulations for high-

voltage Ni-rich cathodes is reported. The solvent mixture comprising
1,1,2,2-tetraethoxyethane and propylene carbonate not only displays

good transport properties, but also greatly enhances the overall safety

of the cell thanks to its low flammability. The influence of the conducting
salts, that is, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium
bis(fluorosulfonyl)imide (LiFSI), and of the additives lithium bis(oxalato)borate
(LiBOB) and lithium difluoro(oxalato)borate (LiDFOB) is examined. Molecular
dynamics simulations are carried out to gain insights into the local structure
of the different electrolytes and the lithium-ion coordination. Furthermore,
special emphasis is placed on the film-forming abilities of the salts to suppress
the anodic dissolution of the aluminum current collector and to create

a stable cathode electrolyte interphase (CEI). In this regard, the borate-based
additives significantly alleviate the intrinsic challenges associated

with the use of LiTFSI and LiFSlI salts. It is worth remarking that a superior
cathode performance is achieved by using the LiFSI/LiDFOB electrolyte,
displaying a high specific capacity of 164 mAh g~ at 6 C and ca. 95% capacity
retention after 100 cycles at 1 C. This is attributed to the rich chemistry of the
generated CEl layer, as confirmed by ex situ X-ray photoelectron spectroscopy.

1. Introduction

Lithium-ion batteries (LIBs) were first com-
mercialized by Sony in 1991 and have
since been constantly improved, becoming
ubiquitous in various applications such as
electronic portable devices or road-based
transport.!l Despite their widespread use,
safety remains a paramount concern. This
is especially true for high-energy LIBs,
where the large voltage employed can seri-
ously compromise the stability of cell com-
ponents, enhancing greatly the fire and ex-
plosion risks.?] In this regard, great ef-
forts are made today to further increase the
safety of commercial LIBs, in addition to
existing mechanisms such as safety vents
or separators which stops the ionic trans-
port at 2130 °C.1*} In this context, the elec-
trolyte is a key component for achieving
greater safety.[*] The current state-of-the-art
electrolyte comprises a liquid organic sys-
tem consisting primarily of a binary sol-
vent mixture and a lithium conducting salt.

M. Klein, J. L. Gémez-Urbano, A. Balducci

Institute for Technical Chemistry and Environmental Chemistry
Friedrich-Schiller University Jena

Philosophenweg 7a, 07743 Jena, Germany

E-mail: juanlu.gomez.urbano@uni-jena.de; andrea.balducci@uni-jena.de
M. Klein, ). L. Gémez-Urbano, A. Balducci

Center for Energy and Environmental Chemistry Jena (CEEC)
Friedrich-Schiller University Jena

Philosophenweg 7a, 07743 Jena, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202401610

© 2024 The Author(s). Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

DOI: 10.1002/smll.202401610

Small 2024, 2401610

2401610 (1 of 12)

M. Binder, T. Diemant, A. Schiir, D. Bresser
Helmholtz Institute Ulm (HIU) Electrochemical Energy Storage
Helmholtzstrasse 11, 89081 Ulm, Germany
M. Binder, T. Diemant, A. Schiir, D. Bresser
Karlsruhe Institute of Technology (KIT)

P.O. Box 3640, 76021 Karlsruhe, Germany

M. KoZelj, T. Gouveia

Solvionic

11 Chemin des Silos, Toulouse 31100, France
A. Perini, S. Brutti, E. Bodo

Department of Chemistry

Sapienza University of Rome

Piazzale Aldo Moro 5, Rome 00185, Italy

S. Brutti

Consiglio Nazionale delle Ricerche

Istituto dei Sistemi Complessi

Piazzale Aldo Moro 5, Rome 00185, Italy

© 2024 The Author(s). Small published by Wiley-VCH GmbH


http://www.small-journal.com
mailto:juanlu.gomez.urbano@uni-jena.de
mailto:andrea.balducci@uni-jena.de
https://doi.org/10.1002/smll.202401610
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202401610&domain=pdf&date_stamp=2024-06-10

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

Conventional solvent blends are generally formed by a cyclic
carbonate (e.g., ethylene carbonate (EC)) and a linear carbonate
(e.g., dimethyl carbonate (DMC)). Lithium hexafluorophosphate
(LiPF) is commonly used as conducting salt.’] LiPF offers high
ionic conductivity, the ability to passivate the Al current collector
at the cathode, and facilitates the formation of an effective solid
electrolyte interphase (SEI).l'**] However, LiPF,, is in an en-
dothermal equilibrium with its decomposition products LiF and
PF..I% The emerging LiF is poorly soluble in the organic solvents
(EC:5.52 g L71; DMC: 0.57 g L™!), whereas the PF; is gaseous and
can react with traces of water, leading to the release of HF.I”l On
the other hand, linear carbonates like DMC have a low flash point
(ca. 15 °C), enhancing gravely the fire risk of the cell.®] Thus,
one possible strategy toward improved safety would rely on the
replacement of LiPF, and the linear carbonates. A promising al-
ternative to LiPF, are the well-known imide-based conducting
salts lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
lithium bis(fluorosulfonyl)imide (LiFSI).*>?] Compared to LiPF,
these salts feature a better thermal and chemical stability and
favorable attributes for LIBs with extended lifespan such as a
high associated conductivity and good solvation ability.['%! Also,
these imide-based salts present substantially enhanced safety fea-
tures, displaying a considerably lower sensitivity toward hydrol-
ysis compared to LiPF,. While LiTFSI presents a wider stabil-
ity than LiFSI, its high price renders it currently unaffordable
for large-scale adoption."!l In contrast, LiFSI has garnered at-
tention from major battery manufacturers, since its large-scale
production was started in 2013. In fact, it has been widely used
as an additive for fast charging LIBs and its portion in com-
mercial electrolyte formulations gradually increases as its price,
which in 2021 was lower than the current price of LiPF, is
further reduced.'?) Moreover, it is worth remarking that the
lower percentage of fluorine in the LiFSI molecule positively im-
pacts its environmental assessment. On the solvent side, 1,1,2,2-
tetraethoxyethane (TEG) was investigated in an earlier publica-
tion as a possible candidate for use in LIBs due to its comparable
viscosity (1.74 mPa s at 20 °C) and dielectric constant (2.55) to
DMC but improved safety features such as a wide liquidus range
(—35-220 °C) and lower flammability (flash point of 71 °C).8l In
addition, TEG has demonstrated film-forming properties in com-
bination with graphite electrodes.!**]

In this study, we investigated different electrolyte formulations
based on a binary solvent mixture comprising TEG and propylene
carbonate (PC) in combination with LiFST or LiTFSI as conduct-
ing salts. Since imide-based salts have been shown to promote
the anodic dissolution of the aluminum current collector, the use
of LiBOB and LiDFOB as additives was examined.'*] LiBOB not
only shows reduced reactivity toward water and lower toxicity but
also good electrochemical stability and the ability to passivate the
aluminum current collector.['] LIDFOB combines the properties
of LiBOB and LiBF, featuring a higher ionic conductivity than Li-
BOB and a comparable ability to passivate the aluminum current
collector. Furthermore, both show a higher thermal stability com-
pared to LiPF.['] In the first part of the manuscript, the viscosity,
conductivity, electrochemical stability (ESW) of the investigated
electrolytes and their ability to passivate the aluminum current
collector are studied. Furthermore, computational studies are car-
ried out to gain insight into the coordination and transport of the
lithium cations in the different electrolytes. In the second part,
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we investigate their use in combination with NMCy,; cathodes,
carefully analyzing the influence on the rate capability tests and
cycling stability of this high-energy cathode material as well as
the chemistry of the cathode electrolyte interphase (CEI).

2. Results and Discussion

2.1. Electrolyte Characterization

The electrolytes were formulated with 1 M LiTFSI or LiFSIin a
solvent blend of TEG/PC (3:7). Additionally, 2 wt% of LiBOB or
LiDFOB were incorporated into these solutions to assess their
impact on the electrolyte properties. The viscosity of the elec-
trolytes was investigated across a temperature range from —10 to
50 °C, as shown in Figure 1a. As expected, in all cases their viscos-
ity decreased with increasing temperature. The electrolytes con-
taining LiTFSI as the primary conducting salt displayed higher
viscosity compared to those with LiFSI. The introduction of
2 wt% of LiBOB and LiDFOB salts lead to a slight increase in
viscosity. Specifically, viscosity values of 9.56 and 9.04 mPa s at
20 °C were measured for LiTFSI and LiFSI electrolytes, respec-
tively. After adding LiBOB or LiDFOB, viscosity values changed
to ca. 11.57 and 10.72 mPa s for the LiTFSI and LiFSI-based elec-
trolytes, respectively (Table 1). On the other hand, the conductiv-
ity values of the electrolyte solutions (Figure 1b) follow the ex-
act opposite trend as the viscosity for varying temperatures. Fur-
thermore, the LiFSI-based electrolytes exhibited higher conduc-
tivity values than their LiTFSI counterparts (5.31 vs 3.42mS cm™
@20 °C). Also, the use of the borate additives led to a decrease
in conductivity, viz., 3.33 and 4.75 mS cm™ for LiTFSI and
LiFSI, respectively (Table 1). In summary, the trend regarding fa-
vorable conductivity and viscosity values is the following: LiFSI
> LiFSI/LiDFOB > LiFSI/LiBOB > LiTFSI > LiTFSI/LiDFOB
>LiTFSI/LiBOB.

In terms of safety, the solvent mixture comprising TEG and
PC ensures a flash point (f,) above 73 °C for all the electrolytes,
indicating a lower flammability compared to standard formula-
tions such as 1 m LiPF; in EC/DMC (LP30, f: 31 °C). Notably,
the LiTFSI-based electrolytes exhibit higher f, values than their
LiFSI counterparts, and the addition of lithium orthoborate salts
leads to a slight decrease in the f,. All investigated electrolytes dis-
play lower density values at 20 °C (ca. 1.2 g mL~!) than LP30, po-
tentially reducing the electrolyte’s weight contribution by ~10%,
thus enhancing the overall specific energy of the device. It is
worth mentioning that the LiTFSI-containing electrolytes show
slightly higher density values than their LiFSI-based counterparts
(Table 1). In order to gain further insights into the dynamic prop-
erties of the electrolytes, molecular dynamics simulations were
performed for the 1 M LiTFSI and LiFSI electrolytes with and
without the addition of 2 wt% LiBOB. For both LiTFSI and LiFSI
electrolytes, the LiBOB additive causes a significant increase in
the formation of closely interacting ion pairs. According to the
data reported in Figure 2a, Li* cations surrounded exclusively by
solvent molecules are significantly less abundant in both elec-
trolytes containing LiBOB. In fact, the probability for Li* to be
solvated exclusively by PC molecules decreases upon LiBOB addi-
tion from 43% to 34% and from 48% to 37% for LiTFSI and LiFSI
respectively. At the same time, the probability of a TEG molecule
being in the first Li* shell does not rise but instead decreases

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85U8017 SUOWILLIOD aA1TeD) 3|qe! dde aup Ag peuenob aJe sl YO ‘@SN Jo Sa|nJ o} Akeid18U1|UO /3|1 UO (SUOPUOD-PUB-SWBIW0D" A8 | M ARe.d|BulUO//:SdNL) SUORIPUOD pue swie 1 8y} 89S *[202/90/2T] Uo ArlqiTauluo Ae|im ezueides e ewoy 1A AseAIUN Ag 0TITOVZ0Z |IWS/Z00T OT/I0pAL0D" A8 |IMAleiq Ul |uoy/:Sdny WOy pepeoumoq ‘0 ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

40
a) ° A IMLITFSI
35{ M ® M LITFSI+2wt.% LiBOB
w. 1% m 1M LiTFS| +2 wt.% LiDFOB
« 307 4 M LIFSI
o A © 1M LiFSI + 2 wt.% LiBOB
E2514 o O 1M LiFSI + 2 wt.% LiDFOB
.3.20— g
7]
8 151 R
o
(7]
s 10 E R
s R D
0l : . T , . :
-10 0 10 20 30 40 50

Temperature in °C

www.small-journal.com

b) 18
A 1M LITFSI
< 161 o LiTFSI + 2 wt.% LiBOB i
B 1M LiTFS| +2 wt.% LiDFOB ©
; 41 4 amLs) ¢
g€ 12 © IMLIFSI+2wt% LiBOB " °
c 0 1M LiFSI + 2 wt.% LiDFOB ()
£ 10 ‘3 : ) |
>
= 4
S 8 . )} 'l
k] 6 )} L]
3 6
T a
c 4- 6
o
(3] 24 ﬁ Py
0 T T T T T T T T T

Temperature in °C

Figure 1. a) Viscosity and b) conductivity values measured as a function of temperature for the different electrolyte compositions.

slightly. Overall, the increase of the number of anions directly
coordinating Li* in the LiBOB containing mixtures is increased
by poorly dissociated Li*-BOB~ ion pairs. Figure 2b shows that,
despite the stoichiometric ratios of the salts (x1:7 for BOB:TFSI
and ~1:8 for BOB:FSI), BOB anions display a large probability of
residing inside the Li* solvation shell (green rows in Figure 2b). It
is worth noting that only in the case of the LiTFSI + 2 wt% LiBOB
electrolyte, the dissociation of the LiTFSI salt slightly decreased
(Figure 2b, orange rows). Additionally, owing to the symmetric
distribution of its coordinating sites, multiple Li* cations can be
coordinated by one BOB™ at the same time Figure 2¢,d. This can
promote the formation of clustered local structures where BOB~
acts as a bridging unit between different ion pairs, which can ul-
timately represent a hindering factor for ionic transport across
the electrolyte.

In sum, the decrease of the salt dissociation (and thus of “free”
Li* ions) can be directly related to a decrease in conductivity. We
would like to underline that, despite the systematic error in the
calculated ionic diffusivities due to the unavoidable limitations
of classical molecular dynamics (Figure S1, Supporting Informa-
tion), their trend is in good agreement with the experimental con-
ductivity values reported in Table 1. In fact, our modeling cor-
rectly predicts a more sluggish ionic transport in both the LiTFSI
and LiFSI electrolytes after the addition of LiBOB. This effect is
consistent with the lower degree of ionic dissociation and the pro-
motion of clustered domains as observed in the structural analy-

sis of the simulations.'”] Although not considered in the simula-

tions, the same conclusions could be generically extended to the
LiDFOB-added electrolytes, owing to the structural similarity of
the two anions.

In the next step, the electrochemical stability of the electrolyte
solutions was investigated by linear sweep voltammetry in order
to confirm their compatibility with the high potentials required
for the utilization of NMCg;,, electrodes. A current density thresh-
old of + 0.2 mA cm~? was considered for determining the ca-
thodic and anodic stability limits. As shown in Figure 3a, the 1 m
LiTFSI electrolyte without additives presented the greatest sta-
bility against oxidation (5.1 V vs Li*/Li) and reduction (0.03 V
vs Li*/Li) due to the large electrochemical stability of this salt.
Introducing LiBOB or LiDFOB to LiTFSI-based electrolytes re-
sulted in a shrinkage of the stability window, especially toward
reduction, which shifted to ca. 0.2 V versus Li*/Li. Conversely,
the 1 m LiFSI electrolyte (Figure 3b) displayed a narrower stabil-
ity window, ranging from 4.9 to 0.32 V versus Li*/Li. In this case,
the presence of the additives did not significantly change the sta-
bility toward reduction or oxidation. Considering these results,
all electrolytes appear sufficiently stable at high potentials to be
employed with Ni-rich cathode materials like NMCq,;.

As discussed in the introduction, imide-based salts typically
do not display a good ability to prevent the occurrence of anodic
dissolution on the Al current collectors. In order to determine at
which potential anodic dissolution processes start to take place

Table 1. Overview of the flash points, viscosity, conductivity, and density values at 20 °C as well as the stability toward oxidation and reduction of the

different electrolyte systems.

Electrolyte Viscosity Conductivity Flash Point [°C] Density Ox. potential [V Red. potential
[mPas] [mS ecm™] [gmL™] vs Lit/Li] [V vs Lit/Li]

1™ LIiTFSI 9.56 3.42 92 1.24 5.1 0.03

1™ LITFSI/ 11.63 3.33 80 1.25 5.0 0.21
LiBOB

1™ LITFSI/ 11.52 333 74 1.25 4.7 0.20
LiDFOB

1™ LiFSI 9.04 5.31 87 1.20 4.9 0.32

1™ LiFSI / LiBOB 10.82 4.72 74 1.21 4.8 0.14

1™ LiFSI/ 10.60 4.79 73 1.21 5.0 0.23
LiDFOB

LP302) 444 10.7 31 1.27 (25 °C) - -

2 The values in the table for the LP30 electrolyte were extracted from reference.!'?]
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Figure 3. a,b) ESW test and c,d) current evolution response from the anodic dissolution tests performed with the different electrolyte systems.
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c) LiTFSI + 2 wt.% LIiDFOB

f) LiFSI + 2 wt.% LiDFOB

Figure 4. SEM images of Al discs after anodic dissolution tests at 4.3 V versus Li*/Li in a) LiTFSI, b) LiTFSI/LiBOB, c) LiTFSI/LiDFOB, d) LiFSI, €)

LiFSI/LiBOB and f) LiFSI/LiDFOB electrolyte.

in presence of the herein investigated electrolytes, a staircase
potential-step chronoamperometry test was carried out from the
OCV to positive potentials with uncoated aluminum discs (Figure
S2, Supporting Information). The exponential increase in cur-
rent observed at a certain potential can be related to several elec-
trochemical processes such as the anodic dissolution of the alu-
minum current collector, the passivation of the aluminum cur-
rent collector, or the decomposition of the electrolyte itself. In the
case of 1 M LiTFSI and LiFSI electrolytes without additives, an
exponential current evolution was recorded at 4.2 and 4.3 V ver-
sus Li*/Li, respectively. These values are much lower than those
measured in ESW measurements in which an inert surface (Pt) is
employed. Thus, the exponential evolution in current recorded at
these potentials can be ascribed to the initiation of parasitic reac-
tions, which are usually ascribed to the anodic dissolution of the
Al current collector.**] However, when LiBOB or LiDFOB addi-
tives were added, the current evolution showed a different trend
and coincided well with the oxidation potential limits estimated
in the ESW tests. These results indicate that the lithium orthob-
orate additives can effectively suppress the anodic dissolution of
the aluminum current collector. To further investigate the phe-
nomenon of anodic dissolution, a more severe test consisting of
sequentially applying a constant potential of 4.3 V versus Li*/Li
to uncoated aluminum discs was carried out. The current re-
sponses caused by the polarization of pristine aluminum disks
in contact with LiTFSI and LiFSI-based electrolytes are shown in
Figure 3c,d, respectively. A high current evolution related to alu-
minum corrosion can be seen for 1 M LiTFSI electrolyte when no
additive was employed (Figure 3c), due to the inability of LiTFSI
to form a passivation layer on aluminum surface. Interestingly,
the 1 M LiFSI electrolyte (Figure 3d) shows a large current evo-
lution in the first cycles that is subsequently reduced until no
current associated with anodic dissolution is detected anymore.
It is important to note that there is still certain controversy re-
garding the possible passivation abilities of pure LiFSI at poten-
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tials of ca. 4.2 V versus Li*/Li. Nevertheless, the effectiveness
of this passivation is unclear.!'®® Considering the LiTFSI-based
electrolyte formulations including LiBOB or LiDFOB, no signif-
icant current associated with anodic dissolution was detected in
combination with the Al foil. Indeed, the higher current evolu-
tion observed in the first cycle for these electrolytes can be re-
lated to the decomposition of the additives to form a protective
layer on the aluminum surface. This result further confirms the
ability of the borate additives to prevent aluminum corrosion,
even when the potential is held at 4.3 V versus Li*/Li.[?>161]
On the other hand, a slightly higher current evolution is mea-
sured for the LiFSI-based formulations. This increase in current
could be related to the corrosion of the stainless steel compo-
nents of the cell, since this phenomenon also occurs when using
the LiTFSI salt, but not as pronounced as with LiFSI, as reported
elsewhere.[2]

The Al discs employed in the anodic dissolution tests at 4.3 V
versus Li*/Li were recovered and examined by scanning elec-
tron microscopy (SEM), the corresponding results are shown in
Figure 4. The existence of large pits (Figure 4a) corroborates the
inability of LiTFSI to form a passivation layer on aluminum./!
In contrast and in good agreement with the current evolution
recorded, no significant signs of corrosion were detected when
the rest of the electrolytes were employed (Figure 4b—f).

2.2. Electrochemical Characterization of NMCj;,

After the physicochemical characterization of the electrolytes,
their impact on the electrochemical performance of NMC,; elec-
trodes was investigated by galvanostatic charge/discharge cy-
cling. The voltage profiles of the first cycle (at 0.05 C) of the
NMCq,, electrodes with the electrolyte formulations without ad-
ditives are shown in Figure S3a (Supporting Information). The
lower initial CE of the 1 m LiTFSI electrolyte can be mainly
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Figure 5. First galvanostatic charge/discharge cycle of NMCg;; electrodes in half-cell configuration versus metallic lithium using a) LiTFSI- and b)
LiFSI-based electrolytes. Also, rate capability tests at 0.05 C,0.1C,0.33 C,0.5C 1C, 2 C, 6 C for ¢) LiTFSI- and d) LiFSI-based electrolytes.

ascribed to the corrosion of the Al current collector. On the other
hand, for the 1 m LiFSI electrolyte, an infinite plateau is ob-
served at ca. 4.2 V versus Li*/Li and consequently the upper po-
tential limit (4.3 V vs Li*/Li) is not reached. This phenomenon
could be related to the anodic dissolution of the current collec-
tor. However, this plateau is not observed for the case of the 1 M
LiTFSI electrolyte, which could indicate that the LiFSI salt is re-
acting with the stainless steel components of the cell. Further re-
search, which falls out of the scope of the current study, would be
needed to elucidate the origin of this process. These parasitic re-
actions are no longer observed in the first cycle when the LiBOB
or LiDFOB additives are included in the electrolyte formulations
(Figure 5a,b). In these cases, initial coulombic efficiency values
reach almost 90% for both the LiTFSI and LiFSI-based formu-
lations. The rate capability tests performed for the LiTFSI-based
electrolytes are shown in Figure S3b (Supporting Information)
(without additives) and Figure 5c. As expected, the worst capacity
retention and CE values were observed for the 1 M LiTFSI due to
its inability to avoid the anodic dissolution of the Al current col-
lector. On the contrary, the addition of LIBOB or LiDFOB enables
a suitable electrochemical performance up to a C-rate of 6 C. In
more detail, even 150 and 164 mAh g™' are retained at such a
high dis-/charge rate for LiTFSI/LiBOB and LiFSI/LiDFOB, re-
spectively. It is interesting to note that very similar electrochem-
ical performance in terms of rate capability is achieved when us-
ing LiFSI instead of LiTFSI (Figure 5d). In this case, specific dis-
charge capacities of 145 and 165 mAh g~! are delivered at 6 C
for LiFSI/LiBOB and LiFSI/LiDFOB, respectively. Nevertheless,
slightly lower CE values are observed for LiFSI-based electrolytes
when subsequently decreasing the C-rate to 0.1 C (ca. 97.5%)
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compared to that of LiTFSI (ca. 99%). Overall, the chosen addi-
tives seem to have a greater impact on the electrochemical per-
formance than the primary salt itself. In this regard, the use of
LiDFOB demonstrates to systematically enhance the capacity of
the NMCq,; half-cell at high rates.

Galvanostatic charge/discharge curves from the rate capabil-
ity tests of the electrolyte formulations with additives are shown
in Figure S4 (Supporting Information). All the curves show
the characteristic signature profiles related to NMCy,; cathodes.
However, it is worth noting that the LiBOB additive leads to
a slightly higher polarization when compared to that of LiD-
FOB, especially at elevated rates. The corresponding differen-
tial capacity plots presented in Figure S5 (Supporting Informa-
tion) display the potentials at which the charging plateaus of the
NMC;,, -electrodes typically occur (x3.63, 3.75, 4.0, and 4.2 V)
as well as the corresponding discharging plateaus (~3.73, 3.99,
and 4.17 V).[22] While these features keep their position for the
electrolytes with borate additives, a gradual shift was observed in
the case of the 1 M LiTFSI electrolyte, which is due to the polar-
ization caused by the anodic dissolution of the current collector.
The long-term stability of the electrolytes in combination with
NMC;,, cathode materials was evaluated as depicted in Figure 6.
While the 1 M LiTFSI electrolyte without additives presents a poor
coulombic efficiency and capacity retention (Figure S3c, Support-
ing Information), the addition of LiBOB or LIDFOB to 1 M LiTFSI
resulted in stable galvanostatic cycling over 100 cycles at 1 C
(Figure 6a). Similar performances were achieved with the LiFSI-
based counterparts, as shown in Figure 6b. It is worth noting that
for all the samples the overall CE was ca. 99.5% at 1 C. As previ-
ously observed from the rate capability tests, the incorporation of
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Figure 6. Long-term cycling of NMCgy; electrodes at 1 C in half-cell configuration versus metallic lithium using a) LiTFSI- and b) LiFSI-based electrolytes

containing borate-based additives.

LiDFOB significantly enhanced the electrochemical performance
of the cells, leading to higher capacities.

The plot of the capacity retention upon cycling (Figure S6,
Supporting Information) shows that LIDFOB seems not only to
boost the capacity values but also to positively impact over reten-
tion. Also, a greater stability was observed for the cells contain-
ing LiFSI instead of LiTFSI in their formulation. More in detail,
LiFSI/LiDFOB retained 93% of the initial capacity followed by
LiTFSI/LiDFOB (90%), LiFSI/LiBOB (86%), and LiTFSI/LiBOB
(84%). In sum, the results show that LIDFOB and LiFSI improve
the capacity and stability of the NMCg,; cathodes upon cycling.
These results contrast with those reported by Li et al., in which
LiTFSI in LiBOB featured a better stability.?*! It is worth remark-
ing that the herein explored electrolytes outperform conventional
1 M LiPF, in EC:DMC electrolyte not only in terms of safety due
to its lower flash point, but also with regard to capacity retention
and rate capability (Figure S7, Supporting Information).

2.3. Ex Situ Characterization

The NMCq,, electrodes were recovered after the long-term cy-
cling test and further characterized to gain more insights into the
electrode/electrolyte interactions. SEM images of pristine and cy-
cled electrodes are depicted in Figure S8 (Supporting Informa-
tion). Pristine electrodes show a homogenous distribution of the
spherical-shaped NMCg,; particles with a size of ca. 10 um. Most

of the particles retain their shape even if some fractures are ob-
served as a result of the calendering process. No significant dif-
ferences in terms of morphology can be found between the pris-
tine and cycled electrodes after the long-term cycling tests regard-
less of the electrolyte employed. Ex situ X-ray powder diffraction
(XRD) of the electrodes was also carried out to monitor possible
structural distortions due to the cycling of the NMCg,; materi-
als. Refined XRD spectra are presented in Figure S9 (Support-
ing Information). No additional reflections were observed for the
cycled electrodes, confirming the good structural stability of the
material. Comparing the c/a ratio after galvanostatic cycling to
the starting value of ca. 4.945 (Table 2), a slight increase can be
found. This ratio expresses the hexagonal distortion in such lay-
ered materials and hence changes with the degree of lithiation.!?*!
Consequently, the increase of the c/a ratio is connected to the
decreasing amount of lithium retained in the NMC structure af-
ter cycling. Thus, no clear features of material degradation can
be observed within the structure of the NMCg,; materials after
long-term cycling when additives were employed. However, for
the case of the 1 m LiTFSI sample without additives, the c/a ratio
increased up to 5.1 after the cycling test. This could be ascribed to
the inability of LiTFSI to form a stable CEI which led to a much
more significant loss in active Li*.

To study the chemical composition of the CEI, ex situ
X-ray photoelectron spectroscopy (XPS) measurements were cat-
ried out. As expected, the electrode cycled with standard LP30

Table 2. Rietveld refined lattice parameters obtained from XRD data and goodness of fitting.

Sample a c c/a Rup GOF

NMCq,; powder 2.870 14.195 4.945 1.63 1.94

Pristine NMGCg, 2.873 14.205 4.943 4.69 3.78
electrode

LP30 2.872 14.228 4.954 4.10 3.48

1 M LiTFSl-cycled 2.826 14.420 5.102 3.52 3.19

1 M LiTFSI/LiBOB-cycled 2.867 14.242 4.967 5.96 3.77

Twm 2.869 14.228 4.958 5.27 3.65
LiTFSI/LiDFOB-cycled

1 ™ LiFSI/LiBOB-cycled 2.872 14.216 4.951 3.60 3.09

1 M LiFSI/LiDFOB-cycled 2.869 14.230 4.959 5.27 3.65
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Figure 7. XPS detail spectra in the F 1s region recorded for NMCgy; electrodes cycled in TEG/PC-based electrolytes. a) uncycled reference electrode, b)
LiTFSI, ) LiTFSI/LiBOB, d) LiTFSI/LiDFOB, €) LiFSI/LiBOB and f) LiFSI/LiDFOB.

electrolyte showed C—O/C=0 species, originating from the car-
bonate decomposition, and PO,F, /PF, species from the LiPF
decomposition as main CEI components (Figure S10, Support-
ing Information).[?! Interestingly, the presence of oxidized boron
species was also detected on the cycled LP30 cathode surface.
These boron species were also present in the surface layer of
the uncycled electrodes (Figure S14, Supporting Information),
indicating that the commercial material had been modified by a
boron-based surface coating.[?! For the comparison of the cath-
odes cycled using the TEG/PC-based electrolytes with the pris-
tine, uncycled cathode and the one from the LP30 reference cell,
the different elemental regions were plotted separately (Figure 7;
Figures S11-S14, Supporting Information). First of all, the O 1s
detail spectra in Figure S11 (Supporting Information) reveal for
the cycled electrodes an increase of the peak at ~533 eV, assigned
to C-0 species for the pristine sample. The increase is mainly re-
lated to the deposition of imide salts, which also contribute to
this peak. In contrast, the M—O bond expresses the contribu-
tion of the NMC;y,; lattice, and hence, its intensity (more pre-
cisely its decrease) can be used as an indicator for CEI thick-
ness. In general, the CEI after 100 cycles seems to be relatively
thin for all the analyzed electrodes, as a distinct M—O peak is ob-
served even though XPS is highly surface sensitive with a probing
depth of ~5 nm.[?>*"] Nevertheless, the normalized comparison
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(Table S1, Supporting Information) reveals that the M—O signal
slightly decreases for LP30 and pure TFSI. A more pronounced
reduction is observed for LiTFSI/LiBOB and LiTFSI/LiDFOB and
the strongest for LiFSI/LiBOB and LiFSI/LiDFOB. This suggests
that the electrolytes containing LiFST as the main conductive salt
and employing an additive can cover the active material more
homogenously and form a thicker/denser CEI, resulting in a
superior electrochemical performance. In addition, the normal-
ized intensities of the sulfur signal provide insights into the in-
corporation of the imide salts into the CEI layer. In agreement
with the previous findings, pure TFSI has the strongest signal.
Furthermore, it is the only electrolyte system where decomposi-
tion products like LiINSO can be detected.[?’] In all other cases,
only the peak doublet of TFSI/FSI appears in the S 2p spectra
(Figure S13, Supporting Information) which, however, varies in
intensity.[?’l Comparing the results for the two additives, LIBOB
containing electrolytes lead to higher and LiDFOB to lower sul-
fur contribution. This trend is opposite to what is found for the
boron amount (Figure S14, Supporting Information). Hence, it
appears as if the decomposition and integration of LiDFOB into
the CEI reduces the amount of imide integration into the in-
terphase. A holistic overview of the differences in CEI compo-
sition can be gained by analyzing the spectra in the F 1s region
which are depicted in Figure 7. The best-performing electrolyte
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LiFSI/LiDFOB (cf. Figure S6, Supporting Information) clearly
differs from the other electrolyte formulations. First, the decom-
position of LiDFOB leads to a significant amount of LiF in the
surface layer. Furthermore, the CEI contains also BF, species
(potentially still LiDFOB), which are particularly pronounced
for the LiFSI/LiDFOB electrolyte.?®] The higher contribution of
the additive LIDFOB comes together with a lower signal of CF,
species, coming from the conducting salt (compare S amount of
LiFSI/LiBOB and LiFSI/LiDFOB in Table S1, Supporting Infor-
mation) and (maybe) PVDF binder.

In summary, the ex situ XPS analysis confirmed the previous
findings and showed that the additives reduce the decomposi-
tion of the conducting salt. The improved electrochemical perfor-
mance with LIDFOB as an additive can be assigned to the stable
LiF-rich CEI, which is unique for those two electrolyte systems.
Accordingly, the better performance of 1 M LiFSI/LiDFOB can
be related to its rich CEI that does not only include LiF, but also
BF,-species.

2.4. Lithium-lon Battery

In view of the promising features of the 1 m LiFSI/LiDFOB elec-
trolyte, its implementation in a LIB full-cell device was exam-
ined. First, its compatibility with graphite electrodes was assessed
through galvanostatic cycling in a half-cell configuration versus
metallic lithium (Figure S15, Supporting Information). The con-
ventional lithium intercalation staging mechanism in graphite
is confirmed by the appearance of three distinct plateaus. De-
spite the high proportion of PC in the electrolyte formulation,
no solvent co-intercalation was observed. This suggests that the
SEI formed by LiDFOB salt decomposition products inhibits the
entrance of ion solvent-shells within graphite. The favorable com-
patibility between the LiFSI/LiDFOB electrolyte and the graphite
electrodes was further confirmed by its enhanced capacity at
high rates (300 mAh g~! at 2 C) and low capacity fading along
cycling (86.6% retention of the initial capacity after 200 cycles
at 1 C). Subsequently, a LIB full-cell was assembled using the
LiFSI/LiDFOB electrolyte with a graphite electrode as the nega-
tive electrode and a NMCq,; electrode as the positive electrode.
The device was galvanostatically charged/discharged at differ-
ent rates as depicted in Figure 8a. Despite not being fully opti-
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mized, the device delivered 180 mAh g=! at 0.1 C while still re-
taining over 150 mAh g=! at 2 C. The capacity drop observed at
6 C can be ascribed to the sluggish kinetics of the Li* interca-
lation in the graphite anode (cf. Figure S15b, Supporting Infor-
mation). Following the rate capability test, the cycle life of the
LIB was evaluated by conducting 300 charge/discharge cycles at
1 C (Figure 8b). The device demonstrated good stability, retain-
ing 83.1% of the initial capacity after 300 cycles. It is also worth
highlighting that the coulombic efficiency values measured at 1 C
remain above 99.5%. Overall, the aforementioned results under-
score the promising features of the LiFSI/LiDFOB electrolyte as
a viable candidate for its application in LIBs.

3. Conclusion

We hereby report the successful formulation of safe electrolytes
compatible with nickel-rich NMCg,; cathodes. The solvent mix-
ture incorporating the glyoxal-based TEG solvent was first ex-
plored at high voltage regions, demonstrating smooth cell oper-
ation and enhanced safety due to its low associated flammability
(flash point of electrolytes > 70 °C). The role of imide-based salts
(LiTFSI, LiFSI) and borate additives (LiBOB, LiDFOB) was thor-
oughly examined. Molecular dynamics simulations provided in-
sights into ion pair formations, suggesting reduced salt dissocia-
tion when the borate additives are incorporated. Electrochemical
stability tests confirmed the compatibility of the electrolytes with
the high potentials required for NMCy,; electrodes while the an-
odic dissolution tests highlighted that the addition of LiBOB or
LiDFOB guarantees a stable protection of the Al current collec-
tor, regardless of the imide-based salt employed. Moreover, elec-
trolytes incorporating LiBOB or LiDFOB in a relatively low con-
centration demonstrated superior electrochemical performance
in terms of rate capability and cycling retention compared to con-
ventional electrolytes. Although similar performances were ob-
tained for LiTFSI and LiFSI-based electrolytes, LiFSI exhibited
greater stability during cycling. These results further underscore
that LiFSI is a suitable candidate for high energy batteries, maybe
even more than LiTFSI, since it does not only demonstrate bet-
ter performance, but also a lower degree of fluorination and re-
duced price. The glyoxal-based electrolyte incorporating LiFSI
and LiDFOB in its formulation demonstrated the best electro-
chemical performance, delivering even 165 mAh g=! at 6 C with
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93% capacity retention after 100 cycles at 1 C. The ex situ XPS
characterization confirmed that these additives decrease the de-
composition of the imide-based salts. The better performance of
LiFSI/LiDFOB can be attributed to the rich chemistry of the gen-
erated CEI layer, incorporating LiF and BF, species. Additionally,
this electrolyte formulation was demonstrated to be compatible
with graphite-based electrodes, delivering up to 350 mAh g~ at
1 C in a half-cell configuration. Moreover, when used in a LIB
full-cell it was possible to perform 300 charge/discharge cycles
without reaching 80% of the initial capacity.

4. Experimental Section

Chemicals and Materials: The solvent TEG (CAS: 3975-14-2,
Weylchem) was passed before use through a freshly activated alu-
mina column (Brockman 1) in order to remove the stabilizer and dried
with freshly activated molecular sieves (4 A) until water content was
reduced below 1 ppm. After filtration, the solvent was ready for use.
As-dried TEG and PC (CAS: 108-32-7, 99.9%, <20 ppm H,0) were utilized
to prepare a binary solvent mixture with a weight ratio of 3:7. LiFSI
(CAS: 171611-11-3, 99.9%, <20 ppm H,0) and LiTFSI (CAS: 90076-65-6,
99.9%, <20 ppm H,0) as well as the additives LiBOB (CAS: 244761-29-3,
99.9%, <20 ppm H,0) and LiDFOB (CAS: 409071-16-5, 99.9%, <20 ppm
H,0) were provided by Solvionic. In addition, a solution of 1 m LiPFg in
EC:DMC (1:1 vol%) provided by Solvionic was also used as a reference
electrolyte. Metallic lithium employed in this study was purchased from
China Energy Lithium Co., Ltd.

Physicochemical Characterization: Viscosity measurements were car-
ried out with a MCR 102 Rheometer equipped with a CP50-0.5 cone-plate
system from Anton Paar in a temperature range of —20-50 °C with a con-
stant shear rate of 1000 s~'. The sample (0.5 mL) application was done at
20 °C. The conductivity of the electrolytes was measured with a Modulab
XM ECS potentiostat in combination with a Binder MK53 climate chamber.
Alternating current resistance was determined within a temperature range
from —30to 80 °C in a conductivity cell consisting of two parallel platinum
electrodes. The determination was done at open circuit voltage by applying
an alternating voltage with an amplitude of 5 mV, within a frequency range
from 300 kHz to 1 Hz. The electrolyte volume for each measurement was
0.5 mL. Forming the reciprocal of the alternating current resistance gives
the conductance. The conductivity values were obtained after multiplying
the as-obtained conductance by the known-cell constant. The cell constant
was determined by employing a 3 m KCl solution.

Densities of the electrolytes were determined by an Anton Paar DMA
4100 density meter (oscillating U tube principle). Flash points were deter-
mined by an Eraflash automated flash point tester, using the continuously
closed cup flash point testing method according to ASTM D7094.

Electrodes and Cell Preparation: NMCg;, electrodes were prepared us-
ing 92 wt% commercial NMCqqy, 4 wt% conductive carbon (CNERGY Su-
per C65, Imerys), and 4 wt% polyvinylidene difluoride (PVdF, Solef 6020,
Solvay) binder. The slurry was mixed with a planetary mixer (ARE-250,
Thinky) and cast with a wet film thickness of 60 um on battery-grade alu-
minum foil inside a dry room, dried at 120 °C for 12 h, and eventually cal-
endered to a target porosity of 30%. The water-based graphite electrodes
consisted of 90 wt% graphite (C-NERGY Actilion GHDR 15-4, Imerys),
5 wt% conductive carbon Super C65 (C-NERGY, Imerys) and 5 wt% car-
boxymethyl cellulose (Walocel CRT 2000 PA, DuPont). The mixture, with a
solid-to-liquid weight ratio of 3 to 7, was homogenized via ball milling and
subsequently cast with a wet film thickness of 100 pm on copper foil. The
film was dried overnight under a vacuum at 70 °C. Circular-shaped elec-
trodes of 12 mm diameter were punched out under argon atmosphere.
The resulting electrodes displayed an active material mass loading in the
range from 2.5 to 3.5 mg cm~2 for NMCgqq and from 2.1to 3.1 mg cm™2
for graphite. The electrochemical measurements were conducted using
Swagelok-type cells. Circular Whatman GF/D glass microfiber filter sheets
(CAT-No. 1823-150, 13 mm diameter) soaked with an electrolyte volume of
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150 pL acted as separator between the working and counter electrode. In
the case of the three-electrode setup, an additional glass microfiber filter
(8 mm diameter) was utilized as separator between the working/counter
and reference electrodes. Cells were assembled in an argon-filled MBraun
glovebox Lab Master Pro Eco (H,O concentration: < 0.1 ppm, 0, concen-
tration: < 0.1 ppm).

Electrochemical Measurements: The electrochemical stability window
of the electrolyte was analyzed using linear sweep voltammetry at 5 mV s~!
(£ 0.2 mA cm~2 current threshold). For this purpose, a Pt disc (with well-
defined diameter) was used as working electrode, a silver wire as quasi-
reference electrode, and a graphite rod as counter electrode. Separate LSV
tests were conducted to determine the corresponding anodic and cathodic
stability limits and ferrocene was used as internal standard for accurate
potential determination.

In addition, sequences of chronoamperometric measurements were
carried out to investigate the onset potential of the electrochemical re-
actions (anodic dissolution) at an aluminum working electrode. For this
purpose, the potential was gradually increased by 0.1V increments from
3.5 Vversus Lit/Lito 5 V versus Lit /Li, with a holding time of one hour for
each potential step and recording the current response. These tests were
performed in coin type cells, using lithium metal as anode (reference and
counter electrode), a glass fiber separator soaked with the corresponding
electrolyte, and a disc of aluminum as cathode (working electrode). An-
odic dissolution tests were also performed in a three-electrode configura-
tion employing an aluminum disk as working electrode and lithium metal
discs as counter and reference electrodes. The potential of the aluminum
discs was scanned at 0.5 mV s~ between 3.0 and 4.3 V versus Li*/Li and
held for 3 h at the upper potential limit in each cycle. A total of ten cy-
cles were performed while the resulting current was recorded. NMCqy;
as well as graphite electrodes were evaluated in a half-cell configuration
using a two-electrode setup. In these measurements, either a NMGCgy;
or a graphite electrode was utilized as a working electrode and an over-
sized lithium metal electrode acted simultaneously as counter and refer-
ence electrode. Galvanostatic charge/discharge measurements were con-
ducted at different C-rates, whereas 1 C corresponds to 200 mA g’1 for
NMCg;; and 350 mA g=! for graphite. In the case of the NMCq;, half-
cells, an asymmetric charge/discharge protocol (between 3.0 and 4.3 V vs
Lit/Li) was followed for the C-rate tests, fixing the charge rate to 0.33 C
and varying the discharge rate from 0.33 Ct0 0.5C, 1C,2 C, and 6 C. For
the graphite half-cells, a symmetrical charge/discharge protocol (between
0.01 and 1.0 V vs Li*/Li) was applied. Long-term tests were performed
after 6 activation cycles (1st cycle at 0.05 C and the subsequent 5 cycles
at 0.1 C) using a charge/discharge rate of 1 C for 100 cycles. The LIB full-
cell characterization was performed via symmetrical charge/discharge at
different rates followed by a long-term test protocol (1 C:200 mA g=1).
The potential of the positive electrode was limited to 4.3 V vs Li*/Li, the
negative electrode potential was limited to 0.005 V vs Lit/Li and the cell
voltage was limited between 2.0 and 4.3 V. The capacity ratio of negative
to positive electrode was 1.4. The measurements were performed using a
BioLogic VMP-3 multichannel potentiostat. The specific capacity and cur-
rent density values were calculated with respect to the total mass of the
active material.

Ex Situ Characterization: ~After the anodic dissolution tests as well as
the cycling stability tests, the Swagelok-type cells were disassembled in-
side an argon-filled glove box. The NMCg;; and aluminum electrodes were
soaked in PC for approximately one minute and subsequently dried under
vacuum at 40 °C overnight in a glass oven B-585 from Biichi. SEM analy-
sis was conducted using a Zeiss Crossbeam XB340 field-emission electron
microscope equipped with an energy-dispersive X-ray (EDX) spectroscopy
detector (Oxford Instruments X-Max Xtreme, 100 mm?, 1-5 kV). For the
SEM and EDX analysis, the acceleration voltage was set to 3 and 10 keV,
respectively. XRD measurements were performed using a Bruker D8 Ad-
vance with Cu Ka radiation (4 = 0.154 nm). The obtained patterns were
analyzed using TOPAS 5. Ex situ XPS measurements of cycled NMC elec-
trodes were performed on a Specs XPS system with a Phoibos 150 energy
analyzer. The spectra were acquired using monochromatized Al Ka radia-
tion (400 W. 15 kV) and pass energies of 90 and 30 eV for the survey and
the detail measurements, respectively. When necessary, sample charging
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was neutralized with an electron flood gun, and the spectra were calibrated
to the main C 1s peak at 284.8 eV of C—C/C—H species. To avoid surface
contamination, the samples were transferred in inert gas atmosphere from
the glove box to the sample load lock of the XPS system. The peak fit of
the XPS data was done with CasaXPS, using Shirley-type backgrounds and
Gaussian—Lorentzian peak shapes.

Molecular Dynamics Simulations: Atomistic simulations were per-
formed using the LAMMPS code.[?] The classical OPLSS-AA force field
was chosen to describe the bonded and non-bonded atomistic inter-
actions, adopting the parameters from previous literature sources.[*]
Coulomb interactions were scaled down by applying a relative permittivity
€ = 1.2, which is equivalent to the common practice of applying an empir-
ical scaling factor of 0.8 to atomic fixed charges, in order to incorporate
on average the effects of charge polarization of a liquid electrolyte system.
The initial cubic cells of the electrolyte were optimized and relaxed using
the isobaric (NPT) ensemble (at 293 K and 1 atm) for 5 ns. Thermaliza-
tion at fixed volume in the isothermal (NVT) ensemble (T = 293 K) was
performed for 10 ns, after which the statistical sampling was run for a
total of 20 ns. Velocity-Verlet integrator with time-step of 1fs was used, to-
gether with Nosée—Hoover barostat and thermostat for sampling in NPT
and NVT ensemble. A cutoff value of 12 A was applied to both van der
Waals and Coulomb non-bonded interactions.
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