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Blended Salt Electrolyte Design for Enhanced

NMC811||Graphite Cell Performance

Peng Yan, Mykhailo Shevchuk, Christian Wolke, Felix Pfeiffer, Debbie Berghus,
Masoud Baghernejad, Gerd-Volker Réschenthaler, Martin Winter,

and Isidora Cekic-Laskovic*

The high energy density, nickel-rich layered cathode material LiNip sMng 1C00.10,
(NMC811) is recognized as a promising candidate for next-generation battery
chemistries. However, due to their structural and interfacial instability, nickel-rich
NMC cathodes still face a number of challenges in practical application. For this
reason, the design and development of novel electrolyte formulations, able to
stabilize the nickel-rich cathodelelectrolyte interface, are highly demanded. In this
work, a novel electrolyte is developed using lithium (difluoromethanesulfonyl)
(trifluoromethanesulfonyl)imide (LiDFTFSI) and lithium hexafluorophosphate
(LiPF¢) as salt blend in an organic carbonate-solvent based solvent mixture. The
presence of LiDFTFSI notably enhances the electrochemical performance of the
resulting NMC811||graphite cells. Further advancement of the considered cell
chemistry is achieved by introducing the well-known functional electrolyte
additive vinylene carbonate (VC), which was found to feature a synergistic effect
with LiDFTFSI. The formation of a homogenous, effective, and robust solid
electrolyte interphase (SEI) as well as cathode electrolyte interphase (CEIl) on the
corresponding electrodes resulted in superior electrochemical performance.

the grid storage, automotive, and portable
consumer markets require batteries with
ever higher energy densities. To achieve
this, one promising approach addresses
the employment of high-capacity layered
transition metal oxide cathodes, such as
nickel-rich LiNioAgMn()JCO()‘lOZ (NMCS].].)
which can deliver a high reversible specific
capacity of >180 mAh g 1."? However,
due to its structural and interfacial instabil-
ities, these nickel-rich NMC cathode mate-
rials still face challenges in long-term
galvanostatic cycling.”! In addition, the
state-of-the-art (SOTA) electrolyte for LIBs
containing lithium hexafluorophosphate
(LiPF) salt dissolved in a mixture of cyclic
and linear carbonates represents another
major challenge with respect to long-term
galvanostatic ~ cycling  performance.'*”!
Among others, the decomposition of

1. Introduction

Lithium-ion batteries (LIBs) are becoming increasingly impor-
tant as energy storage systems, and the growing demands of
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thermally unstable LiPFg leads to the for-

mation of pentafluorophosphorane (PFs).

LiPF¢; and PFs react with residual H,O
and form HF which can trigger detrimental processes such as
organofluorophosphate formation'® and transition metal dissolu-
tion, thus deteriorating overall battery performance and
safety.”®! More importantly, the ineffective interphase
derived by the LiPFg-based electrolyte is prone to cracking,
which in turn leads to the consumption of active lithium to
reform the surface interphase during prolonged galvanostatic
cycling.”1%

For these reasons, the design of novel electrolyte formulations,
which enable the formation of an effective cathode electrolyte
interphase (CEI),l"" is highly desirable. It is worth noting that
in previous studies, CEI formation has typically been treated
as a standalone process, that is independent of the solid electro-
lyte interphase (SEI) formation on the anode. Recent research
studies point to the cross-talk between the cathode and
anode.”#1213] The observation of transition metal dissolution
from the cathode, which affects the interphase on both electro-
des, further supports the existence of the cross-talk.”*! Similar to
the cross-talk from the cathode to the anode side, the evolution of
the SEI on the anode side can also impact the formation of the
CEI on cathode side. Studies by Zhang et al. have demonstrated
the dynamic evolution of CEI upon charge/discharge and have
shown a positive correlation between CEI and SEL!"? In addition,
Fang et al. have proposed a CEI formation pathway via the
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migration of surface species originally formed on the
anode side.'’! Although a comprehensive understanding of
cross-talk between electrodes remains a challenge, it is clear
that the establishment of an effective SEI/CEI pair is essential
to achieving a long and stable cycle life in batteries with
nickel-rich NMC cathode materials. Electrolyte optimization
plays a crucial role in facilitating the formation of a desirable
SEI/CEI pair, leading to improved battery performance and
longevity.

The most common and economically feasible way of optimiz-
ing electrolytes is to introduce functional additives into the base-
line formulation. For example, vinylene carbonate (VC) is often
used as a film-forming additive to stabilize the SEI on a graphite-
based electrode, whereas lithium difluorophosphate (LiDFP) can
facilitate a protective CEI layer on a Ni-rich cathode.'*'*'¢ The
challenges arising from the commonly used conducting salt,
LiPF¢, remain partially unsolved. Numerous studies have been
conducted to substitute LiPF¢ with alternatives such as sulfoni-
mide salts lithium bis(fluorosulfonyl)imide (LiFSI) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), which are ther-
mally stable and insensitive to moisture.*'”'® In addition, these
two conducting salts allow for an ionic conductivity of the result-
ing electrolyte formulations comparable to SOTA electrolyte for-
mulations.''*?% The shortcoming of electrolytes containing
LiFSI or LiTFSI however is related to the dissolution of the Al
current collector at potentials >3.8 V versus Li|Li" for LiTFSI
and >4.0V versus Li|Li" for LiFSL.[*!-2!]

Armand et al. recently introduced lithium (difluoromethane-
sulfonyl) (trifluoromethanesulfonyl)imide (LiDFTFSI), in which
one fluorine atom is replaced by hydrogen compared to LiTFSI.
LiDFTFSI was found to exhibit an excellent passivation ability
toward the Al current collector at potentials of >4.2V versus
Li|Li*.*? In addition, the electrochemically labile CF,H moiety
in LiDFTFSI undergoes decomposition, leading to the formation
of advantageous SEI on the Li metal electrode. This SEI forma-
tion results in the improved electrochemical performance of Li
metal batteries.”***) However, there is currently a lack of sys-
tematic research investigating the potential impact of
LiDFTFSI on the cathode as well as the resulting CEI formation
and dynamics.

Here, a blended salt strategy was adopted by incorporating
LiDFTFSI into a LiPF4-based electrolyte, thus leading to a sub-
stantial advancement in the performance of the resulting
NMCB811||graphite cells. Additionally, further performance
enhancement can be achieved by the addition of VC to the
blended salt electrolyte. Comprehensive electrochemical and
post-mortem analysis revealed that the LIDFTFSI alone can effec-
tively mitigate the structural changes in the NMC811 electrode
during prolonged galvanostatic cycling by facilitating the forma-
tion of a modified CEI. However, the continued growth of inho-
mogeneous CEI remains challenging. Interestingly, the addition
of VC induces a synergistic effect with LIDFTFSI that leads to the
formation of an effective, homogenous, and robust CEIL. As a
result, NMC811||graphite cells using electrolyte containing
LiDFTFSI and VC can achieve 720 cycles at 1C while maintaining
80% state-of-health (SOHggg), whereas cells with SOTA electro-
Iytes only achieve 200 cycles.

Small Struct. 2024, 5, 2300425 2300425 (2 of 18)

www.small-structures.com

2. Results and Discussions

2.1. Impact of LiDFTFSI on the NMC811||Graphite Cell
Chemistry

To investigate the impact of LIDFTFSI on NMC811||graphite cell
chemistry, the long-term galvanostatic cycling stability of corre-
sponding cells was evaluated as depicted in Figure 1a. Cells with
baseline electrolyte (BE) exhibit an initial specific discharge
capacity of approximately 200mAhg™' in the first cycle.
However, a rapid decline becomes evident after 50 cycles, and
the SOHgqo is reached after 200 cycles (Figure S3, Supporting
Information). Further galvanostatic cycling results in a 27.4%
capacity retention after 500 cycles at a specific discharge capacity
of 51.1mAhg '. The cells containing BE -+ DFTFSI initially
deliver a slightly lower specific discharge capacity of approxi-
mately 195 mAh g~* compared to cells with BE, but, show an
improved galvanostatic cycling performance with a 77.9% capac-
ity retention and a specific discharge capacity of 142 mAhg™*
after 500 cycles. The positive effect of LIDFTFSI results in a nota-
bly improved galvanostatic cycling performance compared to the
BE counterpart. It can be noticed that cells containing the
BE + DFTFSI electrolyte have a slightly decreased Coulombic
efficiency (Cgg) in the first cycle compared to considered
counterparts due to the higher consumption of active lithium
for possible SEI and CEI formation.?>?* The improved Cgg
of cells with BE-+ DFTFSI during continued galvanostatic
cycling also suggests a beneficial impact of LIDFTFSI on the elec-
trode|electrolyte inteface. The same trend can also be observed
from the charge-discharge profile of selected cycles where BE
has a notably increased overvoltage after 100 cycles with faster
capacity fading as seen in Figure 1b. The shift of charge and dis-
charge capacity endpoints results from cascade side reactions can
be used to study possible degradations phenomena during gal-
vanostatic cycling.*”) In the capacity marching plot (Figure 1c,e),
the charge and discharge endpoints are calculated by using the
cumulative capacity as a function of cycle number as calculated
by the following equations!®’?2l:

Cumulated Qcy = Qo + AQ¢; + AQq, + ...
+ AQc(y_1)(atcycle N) (1)

Cumulated Qpy = Qpo + AQp; + AQp, + - ..
+ AQpy_1)(atcycle N) (2)

with AQcy = Qcy — Qcv-1) and AQpy = Qpy — Qpn-1)
The calculated charge and discharge endpoints for corre-
sponding cycles are marked in Figure 1b,c. As shown in
Figure 1c, the discharge capacity endpoint (Qp) increases with
a large slope which indicates side reactions at the negative elec-
trode,’””?! and in turn suggests continuous SEI formation due to
the ineffective SEI formed by the BE. Furthermore, the charge
capacity endpoint (Qc) of cells containing BE initially marches
rapidly to higher values but decreases to a lower capacity end-
point during continued galvanostatic cycling. The marching of
Qc indicates an oxidation side reaction on the positive electrode
which allows the cumulative capacity to grow larger than the
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Figure 1. a) Specific discharge capacity and Coulombic efficiency of NMC811||graphite cells with the considered electrolytes as a function of the cycle
number; 80% SOC is considered as the end of life. Electrochemical charge-discharge profile of NMC811||graphite cells in b) BE and d) BE 4+ DFTFSI. The
charge and discharge endpoints of the considered cells with c) BE and e) BE 4+ DFTFSI are plotted using cumulative capacity versus cycle number.

theoretical one, whereas a decrease in the marching of Qc might
be explained by several reasons: a decrease in the rate of side
reactions at the cathode; an increase in cell impedance; and
an increase in the rate of the loss of cathode active materials.’?”?%)
In the case of cells containing BE, the decrease of Q¢ and rapid
increase of Qp result in a narrow capacity window (Qc—Qp)
which results in a lower discharge capacity.
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To further confirm the degradation mechanism, derivative
voltage analysis (DVA) and incremental capacity analysis (ICA)
were conducted. The dV/dQ curve in the DVA analysis was used
to provide an estimation of the loss of lithium inventory (LLI) and
the loss of active materials (LAM) whereas the dQ/dV plots
within the ICA analysis were used to study the irreversible tran-
sition of active materials and the rise of impedance.***
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Figure 3a shows the ICA of a cell containing BE. The intensity of
peaks decreases quickly during continuous galvanostatic cycling
and the dominant phase transitions of M — H, and H, — H;
cannot be observed after 200 cycles, thus revealing the LAM from
both the anode and the cathode. In addition, the large peak shift
indicates the rise of impedance which can originate from both
the LAM or the LLL*”! Figure 3c shows the DVA of a cell with
BE, where the shift of peaks with the increase of cycle numbers
becomes apparent. To distinguish between the contributions
from the anode and the cathode for different peaks, a three-
electrode cell was assembled and cycled at 0.1 C to identify
the corresponding positions as observed in the DVA plot of a
three-electrode system in Figure 2. The DVA of the anode exhib-
its two narrow peaks, marked as AN1 and AN2 whereas the DVA
of the cathode shows two broad peaks marked as CA1 and CA2.
As can be seen, there are distances between the peaks that are
directly proportional to the active material capacity.*® The dis-
tance D2 can be used to estimate the loss of cathode active mate-
rial whereas information on the remaining capacity of the anode
active material can be obtained from the distance D3.P”)
However, due to the difficulty of locating peak AN1 in the full
cell, the left shift of the anode peak AN2 - which is the reduction
of distance D1 - can be used to describe the LLI. As shown in
Figure 3c, the cell containing BE shows large AD2 and AD1 val-
ues starting from the 200th cycle, which indicates LAM from the
cathode and LLI caused by an ineffective SEI. Furthermore, the
absence of the peak denoted by the red and blue arrows further
confirms the LAM. Together with the large LLI, this leads to the
rise of impedance indicated by the shift of the phase transition
peaks as seen in the dQ/dV plot in Figure 3a, thus resulting in a
pronounced increase of cell polarization (AV) in Figure S1,
Supporting Information.

In the case of BE 4+ DFTFSI, a substantially lower overvoltage
and capacity fading can be observed in the charge-discharge pro-
file (Figure 1d). In addition, a slower increase of Qp (as shown in
Figure 1e) indicates fewer side reactions at the anode and thus
suggests the formation of an effective SEI on the graphite

full cell

— anode
—— cathode

0.4 0.6 0.8 . 1.2
Capacity (mAh)

Figure 2. dV/dQ versus capacity curves during discharge measured in a
three-electrode setup.
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electrode by decomposition products from LiDFTFSIL
Interestingly, an almost constant Q¢ is observed, which can
be attributed to suppressed side reactions on the cathode elec-
trode, possibly due to the formation of an effective CEIL
However, a knee point appears after ~250 cycles and both Q¢
and Qp start marching, which means that pronounced side reac-
tions were triggered on both electrodes. Considering the previ-
ously stable Qc, the appearance of a knee point could potentially
be explained by the breakdown of the CEI, which might influence
the anode via the interfacial cross-talk.’®3? Nevertheless, only
slightly faster capacity fading after 250 cycles is apparent in
Figure 1a. This observation does not imply that the appearance
of the knee point has no impact on the galvanostatic cycling per-
formance, but rather indicates that the cells enter a “metastable
state” after the onset of the knee point and any further degrada-
tion might trigger a pronounced fading.*”! From the ICA of a cell
with BE + DFTFSI, a decrease of the phase transition peaks from
cathode (H; — M, H; — Hj3) becomes evident during prolonged
galvanostatic cycling, but it is delayed compared to BE and could
still be observed on the 300th cycle (Figure 3b). In addition, the
larger AD2 observed after the 200th cycle in the DVA plot
depicted in Figure 3d further supports the assumption that
the knee point appears at 250 cycles as a structural change of
the NMC811 electrode, specifically associated with the break-
down of the formed CEI. Furthermore, the continued increase
of AD1 suggests a continuous LLI. Finally, a relatively low cell
polarization (AV) was observed for the initial galvanostatic
cycling, which increased after 100 cycles and may indicate begin-
ning of the CEI breakdown (Figure S1, Supporting Information).
In conclusion, by introducing LiDFTFSI to the LiPF¢-based elec-
trolyte formulation as a co-salt, the galvanostatic cycling perfor-
mance of NMC811||graphite cell chemistry can be notably
enhanced, due to the beneficial effect of LiDFTFSI on both
the SEI and the CEI. However, the fading rate starts increasing
at 250 cycles, thus indicating the insufficient long-term stability
of the formed CEL

To investigate the effect of LIDFTFSI on the cell/electrode per-
formance and to further understand the possible reason for the
appearance of the knee point, the resistance and morphology of
the graphite|electrolyte as well as the NMC811|electrolyte inter-
face after the formation cycles and after 100 cycles were charac-
terized by electrochemical impedance spectroscopy (EIS) and
scanning electron microscopy (SEM). Considering the contribu-
tion of both the anode and the cathode in the EIS measurements,
itis difficult to make a clear distinction in a full cell setup. An EIS
approach with symmetric coin cells as described by Petibon
et al.l*) was therefore utilized. Figure 4a,d show the Nyquist plots
of graphite||graphite and NMC811||[NMC811 cells after forma-
tion cycles and after 100 cycles. Two clearly distinguishable semi-
circles can be observed for the NMC811||NMC811 cells, whereas
the graphite||graphite cells show less pronounced features. The
first semicircle in the high-frequency range is typically assigned
in literature to the resistance of interphases.'®*”) However,
recent studies have indicated that the resistance of electrode-
to-current collector interface also contributes to the high-
frequency semicircle.***! Despite this, the contact resistance
is usually lower than the interphase resistance, and for the pur-
poses of this study, the first semicircle is considered only as the
resistance of the interphase.****! The semicircle observed at
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ite cells with a) BE and b) BE + DFTFSI at selected cycles. The peaks are
monoclinic phase and Hy, Hj, and H; represent the hexagonal phases.

C¢ — LiC, arises from the lithiation of graphite. Differential voltage versus discharge capacity plots of NMC811||graphite cells with ¢) BE and

d) BE+ DFTFSI at different cycles.

middle frequency range is normally ascribed to charge transfer
processes. With the equivalent circuit model (ECM) depicted in
Figure S2, Supporting Information, the resistance of interphase
(Rsk1/crr) and resistance of charge transfer (Rcy) can be identi-
fied. It is evident that cells with BE exhibit a remarkable resis-
tance increase on the NMC811 electrode after 100 cycles, with
most of the increase stemming from the Rcr (Figure 4e). The
increase in charge transfer resistance indicates a larger barrier
for lithium migration and can be explained by the structural/sur-
face changes of the active material.?”) In line with this, the
increase of Rcr observed for BE can be explained by the LAM
on the NMCB811 electrode as discussed by ICA and DVA. In
the case of electrodes harvested from cells with BE + DFTFSI,
a lower increase in impedance for the NMC811 electrode can
be observed compared to BE as illustrated in Figure 4d.
However, it is important to note that a larger Rcg; is observed
after the formation cycles which implies the contribution of
LiDFTFSI in the CEI formation. Interestingly, Rcg; increases
meaningfully after 100 cycles, indicating the growth of a resistive
CEIL. The formation of inhomogeneous depositions can be
observed by SEM after the formation, which covers most of
the NMC811 particles after 100 cycles (Figure S4gh,
Supporting Information). This goes hand in hand with the lower
Rt measured on harvested NMC811 electrodes from cells con-
taining BE + DFTFSI, which further supports the DVA and ICA

Small Struct. 2024, 5, 2300425 2300425 (5 of 18)

results suggesting that LiDFTFSI may form a protective CEI,
thus resulting in good structural stability and leading to less
LAM on the NMC811 electrode. Nevertheless, the progressive
growth of CEI raises the barrier for lithium charge transfer
and results in pronounced electrolyte consumption. This leads
to the occurrence of a knee point after ~250 cycles, indicating
that the formed CEI is ineffective to further protect the
NMCS811 electrode.

X-ray photoelectron spectroscopy (XPS) scans were conducted
to identify the chemical composition of the corresponding inter-
phases on graphite (SEI) and NMC811 (CEI) electrodes after for-
mation cycles in cells containing BE and BE + DFTFSI. As
shown in Figure 5, the signals of C 1s spectra of harvested graph-
ite electrodes show peaks commonly attributed to the decompo-
sition of solvents, which are C-C, C-O, C=0, O—-C=0, and
—COs- groups, with the corresponding peaks for the oxygen
atoms in these groups detected in the O 1s spectra. Furthermore,
additional peaks assigned to CF; and CF, could be observed on
the electrodes from cells with LiDFTFSI containing electrolyte,
pointing at the participation of LiDFTFSI in the SEI formation.
This is further confirmed by the presence of peaks in the N 1s
and S 1s core spectra, whereas only noise is observed for the BE
counterpart. Similar peaks related to the decomposition of sol-
vents were also observed on NMC811 electrodes, as shown in
Figure 5b. In addition, the peaks assigned to the decomposition
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Figure 4. a) Nyquist plots for reassembled symmetric graphite cells after three formation cycles and after 100 cycles as well as fitted resistance for b) BE
and c) BE + DFTFSI. d) Nyquist plot for reassembled symmetric NMC811 cells after three formation cycles and after 100 cycles and fitted resistance for

€) BE and f) BE + DFTFSI.

products of LIDFTFSI were observed from the C 1s, N 1s, and S
2p core spectra in the case of BE + DFTFSI, suggesting the con-
tribution of LiDFTFSI in the CEI formation. Theoretically,
LiDFTFSI should undergo reduction and remain stable against
oxidation.””* The decomposition products from LiDFTFSI
observed on the CEI can thus be attributed to the migration
of SEI fragments from the anode to the cathode during the gal-
vanostatic cycling process.!'*!*#67*8 Notably, the signal assigned
to LiF at 684 eV in the F 1s core spectra is prominent for the BE
compared to the BE 4+ DFTFSI counterpart in both the SEI and
the CEI. This disparity could be attributed to the altered SEI and
CEI compositions originating from the presence of LiDFTFSI.

To understand the changes in surface composition during the
continued galvanostatic cycling, additional XPS measurements
were conducted for graphite and NMC811 electrodes after 100
cycles. Observations made for XPS spectra of electrodes from
cells galvanostatically cycled with BE, along with the insights
gained from ICA and DVA, point to the ineffective SEI formation
that undergoes cracking and reforming during the galvanostatic
cycling for cells containing BE. As a result, the electrolyte is con-
tinuously consumed and cross-talk can be observed between the

Small Struct. 2024, 5, 2300425 2300425 (6 of 18)

anode and the cathode. The detailed results of the surface com-
position of cells containing BE, as observed by XPS spectra, are
provided in the SI. Figure 6 shows the XPS spectra of graphite
and NMCB811 electrodes with the BE 4+ DFTFSI after formation
cycles (blue) and after 100 cycles (black). The peaks related to the
decomposition products of the considered solvents, as observed
in C 1s and O 1s core spectra of the graphite electrode, only show
minor changes during galvanostatic cycling. Similarly, the peak
assigned to Li,PF, from the P 2p core spectra of the graphite elec-
trode also exhibits minor changes during galvanostatic cycling.
These observations suggest a reduced decomposition of the
considered solvents and LiPFs compared to BE. This is also
supported by the similar trend for peaks assigned to the solvent
and LiPF, observed in the NMC811 electrode. However, on the
graphite electrode surface, the peaks assigned to the LIDFTFSI or
its decomposition products, such as CF; from C 1s spectra,
[DFTFSI]” from N 1s spectra, and SO, from S 2p spectra, show
a decrease in intensity after prolonged galvanostatic cycling.
Interestingly, on the NMCB811 electrode the same peaks exhibit
an increasing intensity. This observation could either indicate
that LiDFTFSI does not contribute to later stages of SEI

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 5. Selected XPS spectra of the harvested a) graphite and b) NMC811 electrodes from cells galvanostatically cycled with BE and BE 4 DFTFSI after

formation cycles.

evolution, i. e. the originally formed SEI is gradually covered by
species stemming from the solvent and LiPFg, or that SEI species
derived from LiDFTFSI migrate to the CEI over time. The CEI
thickness can be calculated according to the method of Niehoff
et al,*! as depicted in Figure S14, Supporting Information.
Notably, for BE + DFTFSI, a remarkably thin CEI is observed
after the formation cycles, thus underlining the effect of
LiDFTFSI on the NMC811 electrode. However, after 100 cycles,
the CEI thickness exhibits a substantial increase. This further
supports the conclusion that the CEI formed is ineffective over
longer periods of time, which ultimately leads to the observed
knee point and change in galvanostatic cycling behavior.

To determine the composition and the thickness of the SEI
formed in the presence of the LiDFTFSI containing electrolyte,
graphite electrodes were sputtered for a total duration of 720s
(2 times at 360, each). The peak assigned to C=C (~282.0eV)
from the C 1s spectra corresponds to lithiated graphite.”® Due to

Small Struct. 2024, 5, 2300425 2300425 (7 of 18)

the surface sensitivity of the XPS technique, the intensity of the
lithiated graphite peak is higher when the graphite active mate-
rial is closer to the electrode surface, i. e. when the SEI is thinner.
The atomic concentration of the lithiated graphite can thus serve
as an indicator of the thickness of the SEI (Figure S15,
Supporting Information). For all electrodes, the atomic concen-
tration of the C=C species is substantially lower compared to the
pristine electrode, confirming the formation of an SEI after gal-
vanostatic cycling as expected. By comparing graphite electrodes
from cells galvanostatically cycled with BE and BE + DFTFSI
after the formation cycles, a minimal atomic concentration of sig-
nal C=C is observed before etching for both electrodes. However,
after etching, the atomic concentration is higher for the graphite
electrode containing BE + DFTFSI, indicating that the presence
of LiDFTFSI leads to the formation of a thinner SEI compared to
BE counterpart. Additionally, the small difference in the atomic
concentration values after 100 cycles suggests a minor increase

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 6. Selected fitted XPS spectra of the harvested graphite (left) and NMC811 (right) electrodes using the BE + DFTFSI electrolyte after the formation
cycles (blue) and after 100 cycles (black).
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in SEI thickness during galvanostatic cycling. Furthermore, the
peaks assigned to organic species from C 1s core spectra are less
pronounced or even not observable during etching. From the F
1s, N 1s, and S 1s core spectra of the graphite electrode with
BE + DFTFSI, the inorganic solid species of LiF, Li,S, and
Li3N are the main constituents in the inner part of the SEI
(Figure S$10, S12, and S13, Supporting Information).l?’]
Overall, organic decomposition products are the main

www.small-structures.com

components in the outer layer of the SEI, while the inorganic
species are the main components in the inner layer. In the case
of the BE, a large amount of LiF can be observed in the inner
layer, while Li,S, and Li;N are dominant in the inner layer for
BE + DFTFSI. Li;N has a high ionic conductivity and together
with mechanically stable LiF, a highly conductive SEI layer with
good mechanical properties can be expected to form in the
case of cells containing a BE + DFTFSI electrolyte that results

a
( :?‘ 220 -
2 200 -
< %
E 180 - X
>
£ 160 - 2
s )
Q ‘o
8 140 - =
[ fo) (0]
21204 3 Q
® Q
G 1004 8 5
5 O ¢ BE 3
g 8019 O« BE+VC T ¢
S 604d° O « BE+DFTFSI - 84
& O« BE+DFTFSHVC 82
40 T T T T T T 80
0 100 200 300 400 500
Cycle number
(b)4s (©) 300
424 BE+VC Slope=0.08
3.9 . 250 Qc
o
S °° g
® E
& 331 > T z
= S
2 304 §
o
2.7 £ 100+ Slope=0.15
[=]
o
244 BE+VC 1 E
—— BE+VC 100"
2.14 BE+VC 300" 50 4
0 50 100 150 200 250 0 50 100 150 200 250 300 350 400 450 500
Specific capacity (mAh g-') Cycle number
(d)as (&) 300
BE+DFTFSI+VC
4.2
QC
391 = 2507 Slope=-0.01
o
2 3.6+ i
© E
2 33 > F p
= S
2 30- %
o
274 E 1004
2
2.4 BE+DFTFSI+VC 1¢ 2
w Q Slope=0.04
—— BE+DFTFSI+VC 100% ° Slope=0.0
214 —— BE+DFTFSI+VC 300" 504
0 50 100 150 200 250 0 50 100 150 200 250 300 350 400 450 500

Specific capacity (mAh g™')

Cycle number

Figure 7. a) Specific discharge capacities and Coulombic efficiencies of NMC811]|graphite cells with considered electrolytes as a function of cycle num-
ber, 80% SOC is considered as the end of life. Electrochemical charge-discharge profile of NMC811||graphite cells in b) BE+VC and
d) BE + DFTFSI + VC. The charge and discharge endpoints of considered cells with c¢) BE + VC and e) BE + DFTFSI + VC are plotted using cumulative

capacity versus cycler number.
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in the improved performance observed during galvanostatic
cycling 245152

In conclusion, the positive contribution of LiDFTFSI to both
SEI and CEI can be proven. However, it is not sufficient to sta-
bilize the corresponding interphases for long-term galvanostatic
cycling, as an increased deterioration rate is observed after
~250 cycles. The cross-talk from the anode to the cathode and
the continuous electrolyte consumption lead to the growth of
inhomogeneous CEI and LLI, thus resulting in the knee point
for the cell containing BE + DFTFSI.

2.2. Synergistic Effect Between LiDFTFSI and VC

To further advance the electrochemical performance of
NMC811||graphite cell chemistry, the well-known film-forming
additive, vinylene carbonate (VC), was introduced to the
BE + DFTFSI electrolyte in a concentration of 2wt%
(BE 4+ DFTFSI + VC). For a fair comparison, the corresponding
formulation without LiDFTFSI (BE + VC) was considered as
reference.

Figure 7a clearly demonstrates that with the addition of VC,
the NMC811||graphite cells containing BE + VC achieve 81.4%
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capacity retention after 500 cycles with a specific discharge
capacity of 151.3 mAhg™'. This notable improvement can be
attributed to the SEI film- forming ability of VC on the graphite
surface.1+1>331 Remarkably, the addition of VC in BE + DFTFSI
leads to the highest capacity retention of 87.1% among the con-
sidered counterparts after 500 cycles, reaching SOHgy, after 720
cycles (Figure S3, Supporting Information). This observation
highlights the synergistic effect of LIDFTFSI and VC, indicating
their ability to notably enhance the electrochemical performance
of the considered cells. Upon analyzing the charge-discharge pro-
file of selected cycles in Figure 7b,d, it is noticeable that the cell
containing BE + DFTFSI 4 VC only exhibits a slight increase in
overvoltage during galvanostatic cycling compared to cells using
all other electrolyte formulations considered. Moreover, when
evaluating the capacity endpoints Q¢ and Qp of cells containing
the considered electrolyte, the previously observed distinct knee
point at approximately 250 cycles for the cell containing
BE + DFTFSI (Figure le) is found to disappear in the presence
of VC (Figure 7e). Post mortem studies on electrodes containing
BE + DFTFSI in the previous section concluded that the knee
point arises from the growth of an inhomogeneous CEI.
The disappearance of the knee point for the cell containing
BE + DFTFSI+ VC can be attributed to the formation of more
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Figure 8. Differential capacity versus cell voltage of NMC811||graphite cells with a) BE + VC and b) BE + DFTFSI + VC plotted at different cycles. The
peaks are assigned to their corresponding phase transition.!®! M represents the monoclinic phase and Hy, H,, and Hj represent the hexagonal phases.
Ce — LiC, arises from the lithiation of graphite active material. Differential voltage versus discharge capacity of NMC811||graphite cells with c) BE + VC

and d) BE + DFTFSI + VC at different cycles.
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effective interphases and therefore, reduced electrolyte decompo-
sition, which is enabled by the synergy between LiDFTFSI and
VC. Furthermore, the lowest slope of endpoint Qp compared to
other considered cells suggests the suppression of side reactions
at the anode, supporting the formation of an effective SEI.
Moreover, in comparison to the cell containing BE shown in
Figure 1c, the cell containing BE + VC exhibits a stable marching
of both Q¢ and Qp with a lower slope. This behavior indicates a
classic aging phenomenon characterized by continuous SEI
growth.””) The observed trend aligns with the positive effect
of VC on the graphite surface and SEI formation.

The ICA plots shown in Figure 8a,b, reveal a small peak shift
and slow decrease in peak intensity assigned to the C¢ — LiCx
transition during galvanostatic cycling for cells containing either
BE+VC or BE+ DFTFSI+ VC, which indicates the good
structural stability of the graphite electrode enabled by both
electrolytes. However, a notable difference arises in the peak
assigned to the H; — M phase transition. For the LIB cell con-
taining BE + VC, the intensity of this peak almost disappears
after 300 cycles, suggesting that the NMC811 electrode exhibits
similar structural behavior to the previous cases. In contrast, the
cell containing BE+ DFTFSI+ VC exhibits an intensity

www.small-structures.com

retention of this peak, indicating the superior structural stability
of the cathode enabled by the presence of BE + DFTFSI + VC. A
similar trend can be observed in the DVA plots shown in
Figure 8c,d, as a comparatively large AD2 for the cell with
BE + VC, but an almost constant AD2 is evident for the cell
with BE + DFTFSI + VC. It is worth noting that for the cell with
BE + VC, the large AD2 can already be observed from the 3rd to
the100th cycle, whereas for the cell with BE+ DFTFSI
(Figure 3e), AD2 shows minor changes during the initial cycles
and starts increasing after 200 cycles. While the effect of VC
alone may not be as pronounced as that of LiDFTFSI in the initial
stages of galvanostatic cycling, it still shows the positive effect on
the cathode compared to BE, as confirmed by the ICA and DVA
analysis.

The systematic post-mortem analysis enables the separate
study of the synergistic effect between LiDFTFSI and VC on
the graphite and NMC811 electrodes. By comparing the imped-
ance values shown in Figure 4 and 9, it becomes apparent that in
the case of BE + VC containing cell, the VC acts on the graphite
electrode, resulting in a more resistive SEI compared to BE
(7.3Q vs 4.7 Q). Additionally, a difference in the appearance
of deposits can also be observed on the graphite particle surface
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Figure 9. a) Nyquist plots for reassembled symmetric graphite cells after three formation cycles and after 100 cycles and fitted resistance for b) BE 4+ VC
and c) BE + DFTFSI 4+ VC. d) Nyquist plot for reassembled NMC811|[NMC811 cells after three formation cycles and after 100 cycles and fitted resistance

for e) BE+VC and f) BE + DFTFSI+ VC.
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by SEM (Figure S5a,b, Supporting Information). Through the
further addition of LiDFTFSI to the electrolyte, similar imped-
ance values were observed for BE 4 DFTFSI+ VC compared
to BE + VC counterpart (7.7 vs 7.3 Q) on the graphite electrode.
As discussed in the previous section, the cell containing
BE + DFTFSI showed an increased Rcg; resistance and
decreased Rcr compared to BE, suggesting the presence of a
resistive CEI with a lower energy barrier for charge transfer.
Interestingly, upon the addition of 2wt% VC to the
electrolyte, an evident decrease of Rcg; (BE + DFTFSI: 5.1 Q;
BE + DFTFSI+VC: 2.4Q) along with an increase of Rcr
(BE + DFTFSI: 0.8€Q; BE + DFTFSI+ VC: 2Q) was observed
on the NMC811 electrode after the formation cycles
(Figure 9d). Moreover, unlike in previous cases, the resistance
growth is only minor after 100 cycles, indicating the formation
of an effective and less resistive CEI originating from the syner-
gistic effect between LiDFTFSI and VC. In addition, SEM images
show that a smooth and homogenous surface layer formed on
the NMC811 electrode with BE + DFTFSI + VC after the forma-
tion cycles, which remains unchanged after 100 cycles

www.small-structures.com

(Figure S5gh, Supporting Information). This observation is in
stark contrast to the inhomogeneous deposition observed on
NMCB811 electrode with BE + DFTFSI, as shown in Figure S4g,h,
Supporting Information. In conclusion, the distinct knee point
observed by the cell containing BE+DFTFSI is effectively sup-
pressed upon the addition of VC. The suppression of the knee
point can be attributed to the superior structural stability of
NMCB811 electrode, as evidenced by the ICA and DVA studies.
The enhanced structural stability of NMC811 electrode is enabled
by the homogenous, effective, and robust CEI. The synergistic
effect between LiDFTFSI and VC plays a crucial role in achieving
this enhanced stability and performance of the resulting
NMCB811||graphite cell chemistry.

To gain further insights into the decomposition product of VC
and the synergistic effect between VC and LiDFTFSI, XPS anal-
ysis was conducted on harvested graphite and NMC811 electro-
des from cells containing BE+ VC and BE+ DFTFSI+ VC
electrolytes after the formation cycles. As shown in Figure 10,
compared to VC-free electrolytes in Figure 5, the majority of
decomposition products from the electrolyte solvent and
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Figure 10. Selected XPS spectra of the harvested a) graphite and b) NMC811 electrodes from cells galvanostatically cycled with BE +VC and

BE + DFTFSI + VC after the formation cycles.
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conducting salts are identical due to the similar structure
of EC and VC molecules.”***! However, VC is known for its poly-
merization to poly(VC) with repeating EC units on the anode
surface.”® Analyzing the C 1s spectra from the XPS measure-
ment, a higher relative intensity of the peak assigned to —CO;—
is observed for graphite electrodes in the case of BE + VC com-
pared to BE, indicating the formation of poly(VC) on the graphite
surface. In addition, a higher intensity of the peak assigned to

www.small-structures.com

C-O from C 1s and O 1s core spectra is observed for graphite
electrode with BE +VC, indicating the decomposition of
VC.P®! Furthermore, it is interesting to note that the intensity
of the —-CO3— peak remains unchanged whereas the intensity of
the C-O peak increases for the NMC811 electrode in the case of
BE + VC compared to BE counterpart. Based on this observation,
it can be deduced that the polymerization of VC predominantly
takes place on the graphite surface, whereas the decomposition
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Figure 11. SHINERS spectra of the a,b) graphite as well as c,d) NMC811 electrodes harvested from cells galvanostatically cycled with the considered

electrolytes after the formation cycles.
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Figure 12. Selected fitted XPS spectra of the harvested graphite (left) and NMC811 (right) electrodes using BE + DFTFSI 4 VC electrolyte after formation
cycles (blue) and after 100 cycles (black).
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products of VC can also be detected on the NMC811 electrode
surface.

Additional post-mortem SHINERS investigations were
conducted on the interphases of the graphite and NMC811 elec-
trodes after formation cycles to gain a comprehensive under-
standing of the composition of the SEI and CEI formed in the
presence of LiDFTFSI and VC. The full-range spectra of the
graphite and NMC811 electrodes with details of peak assignment
are listed in the supplementary information (Figure S16 and S17,
Supporting Information). Figure 11a shows the magnification of
the spectra of graphite electrodes. Notably, a band observed
around 1142 cm ™" can be attributed to poly(VC) for graphite elec-
trodes in the case of BE 4 VC, while it was absent in the case of
BE + DFTFSI + VC. Additionally, bands assigned to different
LiDFTFSI decomposition products were observed around 277,
332, 360, 602, 747, and 1240 cm™" for the graphite electrode
in the case of BE + DFTFSI (Figure 11b). Upon the further addi-
tion of VC, the bands assigned to the decomposition products
from LiDFTFSI are found to be less distinct compared to
BE + DFTFSI counterpart. Moreover, the band attributed to
poly(VC) was not observed on the NMC811 electrode in the case
of BE + VC (Figure 11c), indicating that the polymerization of
VC only takes place on the graphite surface. In addition, bands
assigned to the decomposition products from LiDFTFSI were
less distinct for the NMC811 electrode in the case of
BE + DFTFSI + VC (Figure 11d). These observations support
a synergistic effect between LiDFTFSI and VC, impacting both
the graphite and NMC811 electrodes.

To further confirm the positive effect of the synergistic effect
between LiDFTFSI and VC on graphite and the NMC811 elec-
trode performance, XPS measurements were conducted for both
graphite and NMC811 electrodes harvested from cells galvanos-
tatically cycled with BE + DFTFSI + VC after 100 cycles to study
the surface composition changes. Figure 12 shows the results for
graphite electrodes. A slightly increased peak assigned to C-O
from C 1s core spectra after 100 cycles suggests the further
decomposition of VC during galvanostatic cycling. Depth
profiling revealed that the graphite electrodes containing
VC-added electrolytes has no signal of C=C before etching
and displayed a substantially low atomic concentration after etch-
ing (Figure S15, Supporting Information). This suggests a rela-
tively thick SEI surface for graphite electrodes from cells with
VC-added electrolytes compared to BE and BE + DFTESI electro-
lytes. Moreover, a further decrease in atomic concentration after
100 cycles indicates SEI growth. For the graphite electrode
harvested from cells containing BE + DFTFSI + VC shown in
Figure 12, the peak assigned to the CF; from C 1s core spectra
retains a constant intensity during galvanostatic cycling. In addi-
tion, there are no changes evident for the peaks assigned to the
SO, from S 2p core spectra and [DFTFSI]™ from N 1s core spec-
tra, after 100 cycles. This is in contrast to the case of
BE + DFTFSI, indicating the effective SEI contributed by VC.
For NMC811 electrodes, the peaks that are assigned to the
LiDFTFSI or its decomposition products either remain constant
or slightly decrease after 100 cycles. In combination with the
relatively unchanged peaks related to the solvents and LiPFj salt,
it can be concluded that an effective CEI is formed on the
NMCB811 electrode. Comparing the thicknesses of the CEI, in
the case of BE + DFTFSI + VC the electrodes exhibit only minor
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increases in CEI thickness after 100 cycles (1.2-2 nm) in contrast
to BE4+VC (2.7-4nm) and BE + DFTFSI (1.6-3.5nm). This
indicates the formation of a thin and effective CEI enabled by
the synergy of LiDFTFSI and VC. It also suggests that the
cross-talk effect, which leads to an inhomogeneous thick CEI,
is mitigated by the synergistic effect between LiDFTFSI and
VC. These findings are also in agreement with the results
obtained from EIS and SEM analysis, which show that
BE + DFTFSI + VC leads to an effective, homogenous, and less
resistive surface layer on NMC811 electrodes.

3. Conclusions

In summary, we showed that an enhanced galvanostatic cycling
performance of NMC811||graphite cells can be achieved by uti-
lizing LiDFTFSI and LiPFg in a blended salt organic carbonate-
based electrolyte formulation. The results obtained demonstrate
that LiDFTFSI facilitates the formation of modified interphases
on both graphite and NMC811 electrodes, contributing to the
improved structural stability of both electrodes and reduced cell
polarization over 250 charge/discharge cycles. However, the
growth of an inhomogeneous CEI, caused by the well-known
cross-talk between both LIB electrodes, adversely affected
long-term cycling stability. To address this, VC was introduced
to the LiDFTFSI + LiPF; containing electrolyte, thus resulting
in the advanced galvanostatic cycling performance of the result-
ing cell chemistry. Complementary ICA, DVA and EIS analysis
indicated superior structural stability and minimal resistance of
the NMC811 cathode during cell performance. Additionally, sys-
tematic post-mortem SEM, XPS and Raman analysis of the
graphite and NMC811 electrodes revealed the positive synergistic
effect of LIDFTFSI and VC on both electrodes. This synergy elim-
inates the cross-talk effect and promotes the formation of effec-
tive and uniform SEI and CEIL. Our findings provide valuable
insights into the complex interplay between electrolyte compo-
nents and their valuable impact on the overall cell chemistry
and its performance, offering a potential path forward for the
further development of advanced electrolytes for Li-based
batteries.

4. Experimental Section

Electrolyte Components and Resulting Formulations: Potassium trifluor-
omethylsulfonimide and difluoromethanesulfonyl chloride were synthe-
sized in accordance with known procedures.”®*”! For LIDFTFSI, a
modified synthetic route was chosen compared to the literature.’®
Ethylene carbonate (EC), ethyl methyl carbonate (EMC), VC, and LiPFg
were purchased in battery-grade quality from E-Lyte Innovations GmbH
and were used as received. 1M LiPFg in EC:CEMC (3:7 by weight) was used
as a BE. Two different stock solutions were formulated by mixing EC and
EMC in a ratio of 3:7 with/without 2% VC. All electrolytes considered were
formulated by adding lithium salt to the selected stock solution in a volu-
metric flask. The resulting formulations are listed in Table 1.

Synthesis of LIDFTFSI: Potassium trifluoromethylsulfonimide (78.1g,
417 mmol) and imidazole (56.8 g, 834 mmol) were dissolved in dry ace-
tonitrile (400 mL). Difluoromethanesulfonyl chloride (HCF,SO,Cl) (62.8 g,
417 mmol, 1.0 eq.) was added to the solution and the resulting slurry was
heated to 70 °C overnight. The next portion of HCF,SO,Cl (12.5 g, 0.2 eq.)
was added and the mixture was stirred at reflux for 3 h. The third portion of
HCF,SO,Cl (6.2g, 0.1 eq.) was added, with the reaction mixture being
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Table 1. Considered electrolyte formulations.

Abbreviation Electrolyte formulations

BE 1M LiPFg in EC:EMC (3:7 by weight)
BE + DFTFSI 0.5M LiPFg+ 0.5 M LiDFTFSI in EC:EMC (3:7 by weight)
BE 4 VC 1M LiPFg in EC:EMC (3:7 by weight) + 2% VC

BE 4+ DFTFSI 4+ VC 0.5 M LiPFg+ 0.5m LiDFTFSI in EC:EMC

(3:7 by weight) +2% VC

stirred at reflux for 3.5 h, thereafter at room temperature overnight. The
reaction mixture was filtered, the precipitate was washed with acetonitrile
(3 x 50 mL), and the washings were combined with the mother liquor and
concentrated under a reduced pressure to yielded approx. 190 g of a brown
oil. The oil was dissolved in water (400 mL) and treated with concentrated
HCl (75 mL). The aqueous layer was then extracted with diethyl ether
(4 x 120 mL). The combined extracts were dried over Na,SO, and concen-
trated under a reduced pressure. The crude product was treated with a
solution of KOH (19.9 g, 0.85 eq.) in water (200 mL) until pH 5-6. The
solution was washed with diethyl ether (2 x 20 mL) and the ethereal wash-
ings were discarded. The aqueous phase was evaporated under reduced
pressure to dryness. The obtained semi-solid material (KDFTFSI) was trit-
urated with diethyl ether, which left the crude potassium salt as a light-
brown crystalline solid (59.4 g). The crude salt was dissolved in water
(80 mL) and the solution was treated with concentrated HCl (70 mL).
The resulting solution was extracted with diethyl ether (4 x 80 mL) and
the organic extracts were washed with brine (2 x 30 mL) and dried over
Na,SO,. After the removal of the solvent under a reduced pressure, a
brown liquid (70 g) was obtained. Pure (difluoromethanesulfonyl) (trifluor-
omethanesulfonyl)imide (HDFTFSI) was obtained by sublimation of the
crude material in a vacuum as a colorless, highly hygroscopic, crystalline
solid (37.9g, 34%).

HDFTFSI (37.9g, 140.7 mmol) was dissolved in water (100 mL). A
solution of LIOH-H,0O (5.87 g, 140.0 mmol) in water (50 mL) was added,
and the resulting solution was concentrated under a reduced pressure.
The resulting syrup was absorbed in toluene (400 mL), and the mixture
was heated to reflux with a Dean-Stark head overnight. Toluene was dec-
anted, and the remaining highly viscous residue was dried for 4 h at 80 °C
in a vacuum. The resulting white cake was quickly crushed in a mortar, and
the obtained powder was dried for 7h at 120°C in a high vacuum. The
product was transferred to a dry box, where it was again crushed in a mor-
tar. The fine powder obtained was dried for 8 h at 130 °C in a high vacuum
to leave LIDFTFSI as a colorless, amorphous powder (36.2 g, 96%). The
nuclear magnetic resonance (NMR) spectral data are in full accordance
with previously published data.F®!

TH NMR (400 MHz, DMSO — d6): 6 = 6.62 (£, = 53.4Hz)ppm  (3)

13CNMR (101 MHz, DMSO — d6):

4
5=119.8(q,) = 322.0Hz), 113.6 (¢, | = 277.3 Hz) ppm X

PFNMR (376 MHz, DMSO — d6):

§=—783s, 3F), -124.0(d, = 53.4Hz) ppm Gl

Electrodes and Cell Assembly: Calandered NMC811 single-sided coated
cathode sheets with an areal capacity of 1.0 mAh cm™2 were provided by
Umicore. Calandered graphite single-sided coated electrode sheets with
an areal capacity of 1.14 mAh cm™2 were provided by CIDETEC, corre-
sponding to an N/P ratio of 1.14. The electrodes were cut into 214
mm and @15 mm disks for the cathode and the anode, respectively.
The electrodes were subsequently dried at 120°C under vacuum
(<1072 mbar) for 12 h and stored in the argon-filled glovebox before cell
assembly. Li metal (500 pym thickness) purchased from China Energy
Lithium CO. Ltd was kept inside the argon-filled glovebox as well. Coin
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cell parts (stainless steel 316) were purchased from Xiamen TOB New
Energy Technology Co. Ltd. As separator, Celgard 2500 for 2032-type coin
cell assembly and Whatman grade GF/D for Swagelok-type cells assembly,
before being dried overnight at 60°C and stored in the argon-filled
glovebox.

CR2032 coin-type two electrode cells were assembled by placing
Celgard 2500 as a separator between the graphite anode and the
NMC811 cathode with a fixed, previously calculated amount of electrolyte
(30 uL).P? The complete cell stack consisted of the following: wave spring
(1.4 mm), spacer (1 mm), anode, first electrolyte portion (15 pL), separa-
tor, second electrolyte portion (15pL), cathode, spacer (0.5mm).
Swagelok-type cells were used for the three-electrode setup and were
assembled using g12mm NMC811 as a working electrode, 12 mm
graphite as a counter electrode and 13 mm Whatman grade GF/D as sep-
arator. Li metal was used as a reference electrode and separated by
210 mm Whatman grade GF/D. In total, a 200 pL electrolyte was soaked
in the separator. All cells were assembled in an argon-filled glovebox.

Electrochemical Characterization: The constant current-constant voltage
(CC-CV) charge and constant current discharge cycling performance of
NMC811||graphite full cells’®® were evaluated on a battery tester
(MACCOR series 4000) in a voltage range from 2.5 to 4.2V at 20°C.
C-rates were calculated individually for each cell from the cathode mass
and the theoretical capacity. The cell formation conditions comprised
of 3 cycles at 0.1C. The cells were then galvanostatically cycled for
500 cycles at 1C to evaluate the galvanostatic cycling performance. For
each electrolyte, at least three cells were assembled and evaluated to
ensure reproducibility, as indicated by error bars in the respective figures
throughout the manuscript.

Electrochemical Impedance Spectroscopy: Electrochemical impedance
spectroscopy (EIS) measurements were carried out at a Bio-Logic
VMP3 workstation in a frequency range of 10 mHz-1 MHz after 30 min
of rest time. The coin cells were galvanostatically cycled and charged to
50% state-of-charge (SOC). The full cell impedance was measured and
the coin cells were subsequently disassembled. Symmetric cells with
30 pL of the same electrolyte were reassembled and impedance spectra
of the symmetric cells were recorded.! %

Raman Spectroscopy: To gain a deeper insight into the interphases on
electrochemically aged electrodes, Raman spectroscopy was performed
using a confocal Raman microscope (Horiba Scientific, LabRAM HR evo-
lution, air-cooled CCD detector) with a 600 linemm ™" grating. The sam-
ples were excited with red (633 nm, 10.5 m\W) and green (532 nm, 19 mW)
lasers, adjusted by a 10% filter to limit the laser power to 1.05 mW and
1.9 mW, respectively. A 50X long-working distance objective (Carl Zeiss
Microscopy, 9.22 mm, numerical aperture 0.5) was used to focus the
beam, and spectra were collected for 25 s with four accumulations. The
Raman microscope was operated using LabSpec 6.6.2.7 software
(Horiba Scientific) for data collection and treatment. Prior to the measure-
ments, the system was calibrated on the peak of crystalline silicon at a
Raman shift of 520.7cm™". Peak assignment was performed based on
the peaks identified in the raw spectra, as shown in the Supplementary
Information.

Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy (SHINERS)
Sample Preparation: The SiO,-coated nanoparticles with a size of 55 nm
used for SHINERS were synthesized and characterized according to the
studies of Pfeiffer et al.['~®%! After synthesis and purification, the nanopar-
ticles were drop-casted on the glass windows of the air-tight optical cells
(EL-CELL, ECC-Opto-Std). The windows were dried to remove moisture
and transferred to an argon-filled glovebox for cell assembly. During
assembly of the optical cell, the electrode samples were brought into con-
tact with the nanoparticles on the glass window to obtain the near-field
enhancement of the SHINERS technique for interphase analysis. The elec-
trodes under consideration were collected from NMC811||graphite coin
cells that were galvanostatically cycled for three formation cycles at a rate
of 0.1 C between 2.5 and 4.2V without any washing.

Scanning Electron Microscopy: Both anode and cathode were analyzed
via scanning electron microscopy (SEM) after three formation cycles
and after 100 cycles. The cells under consideration were opened in an
argon-filled glovebox and the electrodes were rinsed with EMC (1 mL)
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to remove the residual electrolyte. Electrodes were then transferred to the
SEM chamber using a vacuum-sealed sample holder and analyzed using
an Auriga CrossBeam workstation (Zeiss) at an acceleration voltage of 3 kV
and a working distance of 3 mm using the InLens detector.

X-Ray Photoelectron Spectroscopy: To prevent exposure to oxygen and
moisture, the X-ray photoelectron spectroscopy (XPS) samples were
sealed in vials after preparation. The sealed vials were opened in a glove-
box connected to the instrument shortly before the measurement. XPS
measurements were performed on an Axis Ultra DLD spectrometer
(Kratos Analytical, UK) equipped with a monochromatic Al K, source
(Ephoton = 1486.6 €V) at a 0° angle of emission using a 10mA emission
current and an accelerating voltage of 12 kV for the X-ray source. The hemi-
spherical analyzer was set to a pass energy of 20 eV. The analyzed area was
approximately 700 ym x 300 pm (“hybrid” lens mode, “slot” aperture),
and a charge neutralizer was utilized to compensate for sample charging.
During measurements, the pressure within the analysis chamber was
always lower than 1 x 1077 mbar. Sputter depth profiling of the negative
electrodes was conducted using monoatomic argon at an energy of
500eV. The depth profiling procedure consisted of two sputter cycles
of 360 s each. Two samples of each type (pristine samples, samples that
had been in contact with the electrolyte, formatted samples and cycled
samples) were measured to ensure reproducibility. For peak fitting, the
CasaXPS software (Casa Software, UK) was used®” and the peaks were
assigned based on known literature values.>”>*! The energy scale in the
spectra was adjusted using the F 1s peak at 684.0 eV (LiF) as an internal
reference.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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