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Lithium-Metal-Anodes: the Effect of an Adaptive Self-healing

Artificial SEI

Stephan Burger, Julian Skrotzki, Jan Biittner, Witali Beichel,* Petra Klose, Alexander Welle,

Anna Fischer, and Ingo Krossing™

The application of an artificial LIBFEP-SEI on thin 48 pm Lithium-Metal-
Anodes (LiBFEP = Li[O,P(OCH,CF;),]; SEl = solid electrolyte interphase)
induces improved plating/stripping of lithium at the interphase with an
almost doubling of the lifetime for Li—Li symmetrical cells. Four lithium-
fluoroalkylphosphates other than LiBFEP are tested, but all perform inferior to
the control. Lithium-metal full cells with various NMC-cathodes and LP57
standard electrolyte are employed to confirm the superior performance of the
LiBFEP artificial SEI (LP57 = 1 ™ Li[PF] in ethylene carbonate/ethyl methyl
carbonate 3:7 wt%). A tripling of the cell lifetime is observed using realistic
cell-cycle parameters. The stabilization of the modified anodes is evidenced by
SEM-EDX, ToF-SIMS, PEIS measurements and led to an improved anode
structure. The performance of the artificial SEI is further improved with the
introduction of a novel low-concentration and low-polarity electrolyte (0.2 M
lithium perfluoroalkoxyaluminate (Li[Al(ORF),]; RF = C(CF;);) in 1,2-difluoro-
benzene). Cycling is sustained over 350 cycles with realistic conditions at a
current density of 1 mA cm~2 and 48 um thin Lithium-Metal-Anodes. This
work provides a comprehensive understanding of how the artificial LIBFEP-SEI
influences the performance of Lithium-Metal-Battery full cells, confirming the
simplicity/effectiveness of the immersion process for the LiBFEP-coating.

1. Introduction

The mitigation of climate change re-
quires major efforts, one of which is the
electrification of the mobility/transport
sector to reduce global greenhouse gas
emissions.l"?] Several countries have
launched legislative initiatives to ban the
sale of new internal combustion engines
vehicles by 2035 or 2040, including the
EU and other industrial countries.>*
Currently, Lithium-Ion-Batteries (LIBs)
are used to power electrical vehicles. Due
to the rapidly increasing demand for en-
ergy, in particular for the e-mobility seg-
ment, rechargeable batteries with higher
energy content are urgently required.
Among next generation high-energy-
density rechargeable battery systems,
Lithium-Metal-Batteries (LMBs) are a
promising candidate. Due to lithium’s
high specific capacity (3860 mAh g=!)
and the lowest electrochemical potential

of all metals (—3.04 V versus standard
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Figure 1. Influence of the SEI on the structural properties of LMAs in lithium-metal full cells after cycling. a) Presence of a “natural” solvent-derived SEI
originates from the degradation of LiPF¢ solutions in carbonate mixtures. b) Application of an artificial LIBFEP-SEI with self-healing abilities.

hydrogen electrode), it includes the ideal prerequisites to
satisfy the rapidly increasing demands for future mobility
applications.[>#] Hence, lithium-metal based anodes can boost
the gravimetric energy density by at least 40% on cell level,
since commercial LIBs using graphite-based anodes provide only
a fraction (372 mAh g™!) of the specific capacity compared to
lithium metal.-1°] However, although primary LMBs stem from
the 1970s, a broader application of Lithium-Metal-Anodes (LMA)
in rechargeable batteries failed due to challenges with the lithium
metal-electrolyte interface/interphase.

1.1. LMA-Challenges

The high reactivity of lithium with liquid organic electrolytes in
combination with the large volume expansion and shrinkage of
lithium metal upon cycling leads to a depletion of the electrolyte
with formation of an unstable solvent-derived solid electrolyte in-
terphase (SEI).[''13] With strongly solvating Li ions favoring ethy-
lene carbonate (EC) in its primary solvation shell, the [Li(EC),]*
ions are considered to be the main precursor of the SEI. The na-
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tive plating/stripping behavior of lithium metal then leads to the
generation of dendrites that pose a threat for catastrophic cell fail-
ure due to internal short circuits.'*1>] The LMA-volume change
during cycling induces mechanical stress and the cracking of the
SEI in comparison to standard graphite anodes.['*'’] The gen-
erated fresh Lithium surface exposed to the electrolyte leads to
its fast consumption with continuous build-up of impedance by
a thickening SEI. As a consequence, “dead” lithium forms, i.e.,
electrically insulated fragments of metallic lithium covered by
a thick SEL!8-21] Together, this leads to fast battery failure with
high safety risks for the practical use of LMBs (Figure 1a).

1.2. Strategies to Mitigate LMA-Failure

Several strategies have been proposed to stabilize the
lithium/electrolyte interface/interphase and reduce the parasitic
reactions: ex situ generated artificial protective layers,?2-2*] opti-
mized electrolyte solutions with highly concentrated electrolytes
(HCE), localized highly concentrated electrolytes (LHCE), and
weakly solvating electrolytes (WSE).I?>2¢] These electrolyte sys-
tems generate anion-derived rather than solvent-derived SEIs,
which seem to be beneficial for the presence of inorganic com-
pounds such as lithium fluoride (LiF), lithium nitride (Li;N),
lithium oxide (Li,0O), and Lithium sulfide (Li, S).[?*?”) These com-
pounds appear to stabilize a SEI due to their higher mechanical
stiffness, larger bandgaps, and lower reduction reactivity.[?8-32]
Further approaches include micro/nanostructured anodes!?!3334]
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Figure 2. Overview of the compounds synthesized and used in this work.

and modified separator designs.[?13>3¢] Their primary goal is to
suppress dendrite growth. But, typically this increases inactive
materials weight and reduces the energy density.’’*% Yet, the
concept of an ex situ generated artificial SEI is a promising strat-
egy to enhance the performance of LMBs, since the (negative)
influence of these additional layers on the overall energy density
and the cell parameters is only small.[*!]

1.3. Scope of this Work

Previously, we reported on the formation of an artificial SEI layer
on LMAs by an inorganic coordination polymer based on a BFEP-
backbone (bis(fluoroethyl)phosphate) that led to a significant in-
crease in the cycle lifetime in Li-Li-symmetrical cells. This life-
time prolonging effect was attributed to the self-healing ability
of the artificial SEI layer formed by LiBFEP. Hence, ionic bonds
within the coordination polymer can reversibly break and reform
during the Li-volume expansion upon cycling, since the protec-
tive layer adapts to the charge state and self-heals on the active
Li metal. In contrast to this ionic coordination polymer, a clas-
sical polymer is held together by covalent bonds that cleave ho-
molytically upon Li-volume expansion. In this case, very reactive
organic radicals form leading to uncontrollable follow-up chem-
istry. Upon volume changes of the Li layer, the cation—anion dis-
tance within the coordination polymer might be increasing, but
since the underlying ions are stable entities, the return to a new
stable (healed) state as in Figure 1b is possible. In addition, the
Li-ion conducting abilities of the coordination polymer were at-
tributed to Li,O, rhomboids that form as central structural moi-
eties in the coordination polymer (further details see Section S1,
Supporting Information).

Hitherto, this coating was tested only with an ether-based
model electrolyte in symmetric Li-Li cells in combination with
thick Li-metal electrodes (450 pm) and a corresponding large
excess of lithium.[*>*3] Here, this concept was applied toward
realistic and long-lived rechargeable LMBs using a commer-
cial carbonate-based standard electrolyte and LiNi,Co,Mn, O,
(NMCs) cathode active materials (CAMs). Furthermore, several
new fluoroalkyl phosphoric acids were synthesized and evaluated
in Li-Li-symmetrical cells. For cycling to closely match a “real-
world” battery, the following parameters were adjusted: i) re-
duced lithium inventory (Li-foil-thickness reduction from 450 um
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down to 48 pm), ii) reduced electrolyte amount (100 uL down to
55 uL), iii) increased loading of CAM (loading > 1.0 mAh cm™?),
and iv) increased current density (from 0.1 mA cm™ up to
~1.0 mA cm~2). The performance of the cells was investigated in
situ and post-mortem to understand the function of the LiBFEP-
based SEI. Furthermore, the LiBFEP-based SEI was also eval-
uated using the novel low-concentration and low-polarity elec-
trolyte 0.2 m lithium perfluoroalkoxyaluminate (Li[Al(ORF),];
RF = C(CF,);) in 1,2-difluorobenzene. In addition, the high-
voltage cathode-protecting properties of LiBFEP proven for
LNMO“*4 were extended in this work to nickel-rich NMCs.

2. Results and Discussion

2.1. Synthesis HBFEP and Alternative Structures

To evaluate several fluoroalkyl phosphoric acids as artificial SEI-
builders, the compounds displayed in Figure 2 were synthesized.
Note that the fluoroalkyl chain of 3 has a terminal -CF,H group,
replacing the -CF, group in compounds 1 and 2. The CF,H-group
is reported to exhibit more facile chemical degradability, improv-
ing its biocompatibility favorable in the context of ongoing PFAS-
discussions.[*]

The synthesis of the phosphoric acid derivate
HO(O)P(OCH,CF;), (HBFEP) 1 was published by our group!*’!
by conversion of CF;CH,0OH with P,O,, in a ratio of 8:1. The
acid was obtained as a crystalline, colorless solid in 33% yield on
a multigram scale. Here, we use a slightly modified water-based
route following Mahmood et al. according to Equation (1),1*%! in
which the commercially available fluorinated triester tris(2,2,2-
trifluoroethyl)phosphate (R = -CH,CF,) was stirred with water
at 48 °C for 72 h.[46]

O = P(ORF), + H,0 — HO (0) P(OR"), + HOR" (1)

Product 1 was obtained in 47% vyield. Similarly, the synthe-
sis of 3 was conducted in 61% yield via Equation (1) with the
triester P(ORF), and RF = -CH,(CF,),CF,H. The only relevant
side products were (HO),P(O)(ORF) (5%) and nonconverted tri-
ester (23%).1*?) Two polyfluoroalkyl phosphoric acid diesters were
synthesized similarly to the original procedure for compound 1.
Hence, using RF-OH with Rf = -CH,CH,-(CF,);CF; in Equa-
tion (2) gave after multiple recrystallizations compound 2 in 8%
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Table 1. Overview of the different coating conditions used and their abbre-
viations.

Coating Used materials Abbreviation

procedure

#1 Lithium foil (48 um) treated with 0.05 m HBFEP ~ LFO05H4
solution in DME for 4 min.

#2 Lithium foil (48 um) treated with 0.05 m LFOOSHA4
solution of the polyfluoroalkyl phosphoric
acid diesters 2—4 in DME for 4 min.

#3 Commercial nickel-rich NMC850510-sheet NMC07mH30
treated with 0.7 x 107> m HBFEP solution in
DME for 30 min and drying for 1h in the
vacuum chamber.

#4 Lithium coins (450 pum) treated with 0.05 m LCOO5H4
HBFEP solution in DME for 4 min.

#5 Lithium coins (450 pum) treated with 0.05 m LCOO5H4P
HBFEP solution in DME for 4 min and
washed with pentane for 15 min before acid
treatment.

#6 Lithium foil (48 um) was treated with 0.05 m LFOOSHN1

HNTf, solution in DME for 1 min.

yield with 80% purity and with 20% of (HO),P(O)(ORF) as only
side product.[**]

8HOR" + P,0,, - 4HO (O) P(OR"), (2)

With the long fluoroalkyl chains, lower solubilities of the Li-
salts of 2 and 3 and changes at the electrode/electrolyte inter-
face/interphase were expected, if compared to 1. To study the
influence of branching versus linear chains on the coating on
Li metal, pure HO(O)P[OCH(CF;),] (HFiP) 4 with branched
hexafluoroisopropyl-residue was synthesized according to route
(2) in a poor yield of 4.2%.14]

2.2. Coating of 1-4 onto Li-Coins (450 um) and Li-Foil (48 um) by
a Simple Immersion Process

The phosphoric acid derivates 1-4 may react with basic surface
species like Li,CO; and Li,O present on the Li-metal-surface
but also on the surface of the Ni-rich CAMs according to Equa-
tions (3) and (4), exemplarily formulated for HBFEP.

LiOH + HBFEP — LiBFEP + H,0 3)
Li,CO, + 2HBFEP — 2LiBFEP + H,0 + CO, (4)
Li’ + HBFEP — LiBFEP + 0.5H, (5)

Thus, 1-4 were applied on Li metal by a simple immersion
process. The Li-metal foils or discs were stirred in a 0.05 M solu-
tion of the diesters 1-4 in 1,2-dimethoxyethane (DME) for 4 min
(LFOO5HA4, see Table 1).*?1 Afterwards, the solution was re-
moved and the LMAs were dried inside a glovebox. Since gas
evolution was only very minimal, the redox reaction according
to Equation (5), kinetically hindered compared to the acid-base
reactions (3) and (4), is expected to play only a small role. Addi-
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tional tests to apply HBFEP on Li metal in dip-coating and spin-
coating processes (see Section S2, Supporting Information), were
inferior to the immersion process. Hence, the immersion pro-
cess was selected for 1-4.17] All coating conditions used (LMA
and also NMC cathodes) including the alternative acid HNTf,
(Tf = SO, CF,) used for evaluation purposes, are listed/described
in Table 1 with the nomenclature used hereafter.

2.3. Coating Characterization: From 450 pm Thick Li-Metal Coins
to 48 um Thin Li-Metal Foils

Our previous work used 450 um thick LMAs in combination
with a model electrolyte known to rapidly degrade the anode, i.e.,
1 M Li[OTf] solution in TEGDME (tetraethylene glycol dimethyl
ether; OTf = OSO,CF;).[*?] Yet, such thick LMAs have a theoreti-
cal areal capacity of 92.8 mAh cm™? that is about 20 times higher
than the one in commercial cathodes of 3-5 mAh cm=2.[464849]
Hence, thick LMASs represent a quasi-infinite lithium reservoir
that drastically reduces the specific energy on the cell level,
as does the amount of electrolyte. The latter and the cathode
loading also influence the cycling performance. Hitherto, still
relatively few LMB reports take all these parameters into ac-
count and would, therefore, result in specific energies far be-
low 100 Wh kg=1.[03051] To achieve specific energies beyond
300 Wh kg™!, the Li-amount/the Li-thickness of LMAs has to be
low. Hence, Figure 3 shows the characterization and the mor-
phology of the 48 um thin Li-foil (9.9 mAh cm™2) used in this
work. The Attenuated Total Reflectance Infrared (ATR-IR) spectra
confirmed the presence of paraffine and silicon oil on the surface
of the untreated lithium electrodes, also observed with Time-of-
Flight Secondary Ion Mass Spectrometry (ToF-SIMS) measure-
ments (Figure S15, Supporting Information). Figure 3a,b shows
the characteristic LIBFEP-modes between 1500 and 850 cm™ on
the 0.05-HBFEP treated Li-foil.*?] Although SEM images of the
0.05-HBFEP treated Li-foil (LFO05H4, see Table 1) show at first
glance a similar morphology to the untreated Li-foil (Figure 3c,f),
magnification reveals a porous structure with crater-like holes in
the order of several micrometers (Figure 3f-h). Scanning Elec-
tron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-
EDX)-Mappings (Figure 3i-1) indicate a complete coverage of the
Li surface of the 0.05-HBFEP treated Li-foil with C, O, P, and
F, proving the presence of LiBFEP, similar to thick LMAs.[*]
Higher BFEP-intensities evolve at the edges of the crater-like
holes, possibly related to an enhanced reaction of the basic
surface species, e.g., Li,CO;, Li,O, or metallic Li itself with
the HBFEP-coating solution. Alternatively, the crater-like hole
morphology*?l might result from the expulsion of LiBFEP crys-
tallites in the SEM vacuum chamber upon evacuation and vapor-
ization of underlying solvent residues.

The cross-section images (Figure 4a) of the 0.05 m HBFEP-
treated Li-foil agree with a porous layer of almost 10 pm thick-
ness, which reaches into the Li-bulk. The thickness of this layer
indicates an interaction of the HBFEP acid with the basic sur-
face layer and also, to some extent, with metallic Li. Within
the porous layer, EDX-mapping analyses (Figure 4b—e) show
higher signal intensities of the elements C, O, P, and F and—
likely an artifact introduced by cutting the electrodes—also lower
intensities in deeper areas of the Li-bulk that were dragged
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Figure 3. a,b) ATR-IR spectra of HBFEP-treated Li-foil in comparison to reference spectra of untreated Li-foil and powdered LiBFEP. ¢,d) SEM top view
images of the surface of the used Li-foil and e) its cross-section. f,g) SEM top view images of the surface of 0.05-HBFEP treated Li-foil and h) its cross-
section. i,j) EDX-Mapping analysis of the surface of a 0.05-HBFEP sample and the corresponding elemental distribution of C (red), O (green), P (purple),

and F (blue).

from the top layer across the cross-section. The presence of C,
O, P, and F supports the formation of a LiBFEP-rich porous
layer.

To determine the concentration of HBFEP in the coating so-
lution before and after the immersion process, Nuclear Mag-
netic Resonance (NMR) spectroscopic measurements were con-
ducted against an o-difluorobenzene internal standard. Here, a
consumption of one-tenth of the amount of HBFEP in the coat-
ing solution was found. Normalization to the geometric sur-
face area of the used Li-metal foil results in an area loading of

Adv. Energy Mater. 2024, 2403195 2403195 (5 of 21)

0.945 mg cm~2 of the LiBFEP formed on the Li-metal electrodes.
Assuming a flat crystalline layer, this loading would correspond
to a thickness of about 5.5 um (using the known!*?! crystal den-
sity of (LiBFEP),-DME of p, . = 1.726 g cm™*; cf. Section S3,
Supporting Information). Given the visible porous structure of
10 pm thickness, approximately 40% of the total layer content
may be attributed to pores and 60% to solid LiBFEP material.
Application of high vacuum during the SEM measurements will
likely increase the visible layer thickness by evaporation of in-
cluded solvent molecules. Hence, the “true” porosity within the
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Figure 4. a) SEM cross-section of the 0.05 m HBFEP treated Li-foil. b—e) EDX-Mapping analysis of the 0.05-HBFEP treated Li-foil and the corresponding

elemental distribution of C (red), O (green), P (purple), and F (blue).

battery system should neither reach an extent visible in the SEM
nor influence the performance of HBFEP-treated Li anodes neg-
atively.

An analogous procedure was used to coat 2—4 from a 0.05 M
DME solution to the thin lithium foil (Table 1, Section 2.2). Corre-
sponding cycling data of Li-Li symmetrical cells are shown in Sec-
tion 3.1.

2.4. Coating of Nickel-Rich NMC850510 Cathode Sheets with
HBFEP

Nickel-rich LiNi,Co, Mn, . O, (NMCs) are promising CAM for
high-performance battery electric vehicles (BEV) due to their
high specific capacities that exceed > 215 mAh g™' in the nickel-
rich version NMC850510.1°21 However, there are several prob-
lems, which hinder their broader implementation into the mar-
ket. Apart from electrolyte degradation, Li/Ni cation mixing and
cracking of the secondary particles during cycling, especially the
nickel-rich NMCs are prone to the surface formation of Li,CO,
and LiOH upon exposure to CO, and moisture (H,0).>*>* In ad-
dition, their synthesis requires an excess of lithium with the con-
sequence that residual lithium often remains at the surface.>>>°!
The residual surface lithium compounds lead to degradation of
electrolyte components and the formation of an insulating passi-
vation layer during operation, which impedes lithium diffusion
and significantly increases the charge-transfer resistance during
cycling.5+551 Also, the powder pH value of the CAM increases due
to the very Bronsted-basic LiOH and Li, CO, residues on the sur-
face of the CAM particles and can cause gelation of the electrode
slurry.l>]
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One remedy to this may be the application of HBFEP on
nickel-rich NMCs to remove the Bronsted-basic surface layer ac-
cording to Equations 3 and 4. Moreover, the concomitant for-
mation of a thin layer of LiBFEP could result in the protection
of the CAM particle surface,*! similar to the use of LiBFEP
as electrolyte additive (0.1...0.5 wt%) for high voltage full cells
with LNMO cathode (LiNi, s Mn, ;O,) and cutoff voltages around
4.8 V. Hence, a commercial-grade nickel-rich NMC850510-sheet
was treated similarly to the coating of Li metal and was placed
in a 0.7 x 107 ™ solution of HBFEP in DME for 30 min
(NMC07mH30, see Table 1). The concentration was set lower to
0.7 x 1073 M, to exclude a Li*/H* exchange with the acid HBFEP
in the CAM matrix, as observed with water-based electrode pastes
for Ni-rich electrode materials.’”>8! In addition, several reports
indicate superior performances of coating processes by treatment
at low concentrations.l’>%] Figure 5 shows the ATR-IR spectra
of the commercial-grade NMC850510-sheet after treatment with
different HBFEP solutions. The IR-signature of LiBFEP—similar
to the one observed on the Li-foil—becomes visible at concentra-
tions above 0.2 M HBFEP in DME and demonstrates the success-
ful immersion coating principle (Figure 3, Figure S2a, Support-
ing Information).

The ratios in parentheses in Figure 5 represent the amount of
HBFEP present with respect to the measured 0.94 wt% shares
of LiOH and Li,CO; in the pure NMC850510 powder as deter-
mined by titration. This amount was used as a reference to ad-
just the HBFEP-concentration in solution and also for the coat-
ing of the commercial NMC-sheet (entire spectrum Figure S4,
Supporting Information). However, due to the strong absorbance
of NMC850510 and the composite environment of the commer-
cial NMC-sheets, the IR-intensities of the LiBFEP-surface on the
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Figure 5. Magnified ATR-IR spectra of a commercial NMC850510-sheet
after treatment with HBFEP solutions 0.005-0.2 m. between 250 and
1500 cm™" with marked bands of LiBFEP. The ratios given in parenthe-
ses correspond to the ratio of titration-determined base content (LiOH,
Li,CO3) in pure NMC850510 powder and the concentration of HBFEP in
the coating solution.

coated NMC-sheet are very weak, especially at low concentrations
of the coating solution. Hence, NMR spectra were recorded to
compare the concentration of HBFEP in the solution before and
after the coating step, similar to the coating of the Li-metal foil.
From the decrease of the HBFEP-concentration of 1.2 mmol with
respect to the concentration before the coating step and normal-
ization to the area of the immersed NMC-sheet, an area loading
of LIBFEP of 0.494 mg cm~2 on the NMC-sheet was determined.
This loading would correspond to a thickness of 3 pm for a flat
crystalline layer, calculated as in Section 2.3.1? Next, the modi-
fied NMC850510-electrode sheets were investigated by electron
microscopy. Figure 6 shows the NMC electrode from different
angles. The surface of the NMC electrodes consists of spheroidal
particles of around 10 um size (Figure 6a,b). The cross-section
(Figure 6¢) discloses a homogeneous, about 50 um thick cath-
ode composite on the aluminum substrate. The uniform distri-
bution of the Nickel signal intensity along the NMC-particles and
the overlapping signal intensity for phosphorus agree with the
morphology of the CAM particles and indicate a homogenous
coverage with LiBFEP (EDX-mapping, Figure 6d-g top view, h-
k cross-section; also Figure S5¢, Supporting Information). For a
comment on shadowing effects see Section S5 (Supporting Infor-
mation).

3. Electrochemical Cycling in Symmetrical, Half,
and Full Cells

3.1. Electrochemical Tests of Coated Electrodes in Symmetrical
Cells

HBFEP-treated lithium electrodes in Li-Li symmetrical cells
showed a 3.6-fold lifetime extension using a model elec-
trolyte with thick Li-metal anodes (Figure S8a—c, Supporting
Information).[*?] This electrolyte (1 m LiOTf in TEGDME) was
used to visualize the life-prolonging effect of LiBFEP-coating
resulting from its limited transport properties and its insta-
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bility against lithium,[°62] but requested low current densities
of 0.1 mA cm™2/areal capacities of 0.1 mAh cm~2 to demon-
strate the effect of LiBFEP-coating in Li-Li symmetrical cells.
Here, we performed more realistic electrochemical measure-
ments with the commercial carbonate-based electrolyte LP57
(1 M LiPF; in ethylene carbonate (EC)/ethylmethyl carbonate
(EMC) 3:7 wt%) at increased current density/areal capacity of
1.0 mA cm™2/1.0 mAh cm™ (= 1C rates).[®]

3.1.1. Thick Li Coins

For comparison, also thick Li-coins were measured. Here,
the lifetime prolonging effect after their immersion (protocol
LCO005H4, Table 1) is small (+26%, Figure S7a—c, Supporting In-
formation), possibly resulting from the 10-fold increase in the
current density and other effects (see Section S6, Supporting In-
formation, for discussion).

3.1.2. Thin Li-Foil

To minimize the influence of the thickness of the Li electrodes
and to prevent the masking of degradation processes caused
by excessive lithium consumption, Li-Li symmetrical cells with
a thin Li foil (48 ym) on Cu (12 pm) were built. Cycling data
in Figure 7 indicate an accelerated electrolyte degradation, con-
sumption of the Li inventory, and formation of a porous inter-
phase of dead Li for the pristine Li electrodes with an average
lifetime of 21 cycles until reaching the +3 V potential limit. By
contrast, HBFEP-treated cells (LFOO5H4, Table 1) survive on av-
erage 39 cycles. High overpotentials of +341 mV for the cells
with pristine Li electrodes are visible upon zooming to the V(t)-
Diagram between the 1" and 5™ cycle (Figure 7b), particularly in
the first charging step. 0.05-HBFEP cells display a much lower
overpotential of only +£59 mV in the same area and even after 19
cycles (+41 mV; Figure 7c). At this time, the pristine cells are al-
ready eight times higher at +338 mV and shortly after the overpo-
tential increases exponentially, indicating cell death. Beneficially,
the lifetime of the 0.05-HBFEP cells is almost doubled (+86%).
Increasing overpotentials typically arise from hindered Li plat-
ing/stripping processes occurring at the SEI formed by chemical
reaction upon contact of state-of-the-art electrolytes with the Li-
metal anode.[206264] This initial SEI reduces Li-ion conduction,
induces high overpotentials, presents a kinetic barrier for plating
and stripping of Li ions in cells with pristine Li electrodes, and
leads to irregular and sharp voltage profiles. By contrast, the 0.05-
HBFEP cells run with low overpotentials and flat voltage profiles,
indicating a superior Li platting/stripping behavior on the LMA-
surface.

Hence, the artificial Li-ion conducting LiBFEP-SEI induces
low and stable overpotentials over a wide cycle range. Apparently
and contrary to the pristine cells, the coating reduces the for-
mation of dead Li and allows for good mass transport through
the porous interphase.['*2!] Yet, the absolute number of cycles
achieved with LP57 is lower than that with the LIOTf model elec-
trolyte (Figure S8a—c, Supporting Information) at low current
density (0.1 mA cm™2). However, with the reduced Li content in
the foil (48 um versus 450 pm coin) and the 10-fold increased
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Figure 6. a,b) SEM top-view of a commercial-grade NMC850510 electrode. c¢) SEM cross-section of a commercial-grade; NM850510-sheet. d—g) EDX-
Mapping analysis with 18 kV (top-view) of a HBFEP-treated NMC-sheet and the corresponding elemental distribution of C (red), F (blue), P (green),
Ni (yellow) and Co (purple). h-k) EDX-Mapping analysis with 5 kV (cross-section) of a HBFEP-treated NMC-sheet and the corresponding elemental

distribution of C (red), P (green), Ni (yellow), and Co (purple).

current density (0.1 mA cm™2 versus 1.0 mA cm~2) plus a 10-fold
increased areal capacity (0.1 mAh cm~2 versus 1.0 mAh cm™2),
the reduction of the lifetime is logical.[“>>*l Overall, the life-
prolonging effect of the HBFEP treatment reaches 86% for the
thin Li foil electrodes and is significantly higher than for the thick
LMAs (Figure S7a—c, Supporting Information, 26%). It appears
that the from 100 uL (model electrolyte) to 60 uL (LP57) reduced
amount of electrolyte dissolves less LiBFEP from the electrode
surface. Hence, the positive effect of the LiBFEP-coating is even
more pronounced.

3.1.3. Testing of 2—4

LiBFEP is slightly soluble in DME and carbonate-based elec-
trolytes. Thus, the diesters 2 and 3 were chosen as alternatives
to HBFEP with significantly longer side chains and potentially
reduced solubility in nonfluorinated solvents such as DME or or-
ganic carbonates. Their steric demand could also generate novel
structures of the coordination polymer inducing flexibility and /or
Li-ion conductivity. Furthermore, compound 4 exhibits a second
acidic (C-)H proton that could react with lithium (compounds)

a) b) c)
37 0,4 0,5
1st— 5th Cycle 4 14t — 19t Cycle
2 0,34 ’
I~ = 03+
= = =
= = 02 2 ]
S 1 3 4
| 3 014 3 o1
2 o g ¢ o0
() @ 004 [}
(= . (=} ’ -
s Coin Cell 8 g ot
S ' Li foil 48 pm Thick ] 35 021
> - S 01 S o
60 pl LP57
2 -0,3 4
24{1.0mAcm 024
— Li —Li 04— Li
—— 0.05-HRFEP —— 0.05-HBFEP —— 0.05-HBFEP
-3 T T T T T 0,3 T T T T T 0,5 T T T T T
0 20 40 60 80 0 2 4 6 8 10 30 32 34 36 38 40
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Figure 7. a) Overall course of Li-Li symmetrical cells at 1 mA cm™2 in LP57 (25 °C) containing thin Li-metal anodes; b,c) magnified regions of a) demon-
strating the evolution of the investigated cells. Quadruplicates were built for each series of cells.
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Figure 8. A representative set of performances of Li-Li symmetrical cells
at 1 mA cm~2 in LP57 and coated with different phosphoric acids diesters
1-4 in comparison to; a) pristine Li anodes; diesters HO(O)P(ORF),; b)
RF = -CH,CH, (CF,)sCF3; ¢) RF = -CH, (CF,);CF,H); d) HFiP; e) HBFEP,
and f) HNTf, at 25 °C. The numbers displayed in the figure represent the
number of cycles until the cutoff voltage of 3 V was reached. Quadrupli-
cates were built for each series of cells.

at the C2 position and induce formation of a cross-linkage be-
tween different coordination polymer chains. For compound 3,
literature precedence stresses that a terminal CF,H group could
enable a pathway for chemical degradation, possibly opening a
starting point for biodegradability. Under the current PFAS dis-
cussions, this is gaining increased attention.[*>®] Similarly to 1,
2-4 were tested in Li-Li symmetrical cells built from thin Li foil
and all coatings were applied analogously to protocol LFO05HA4
(Table 1). Figure 8 shows an overview of the cycling tests in Li-Li
symmetrical cells, with the numbers displayed with the cycling
test corresponding to the cycle number when the cutoff voltage
of 3 V was reached. Diesters 2 and 3 did not lead to any improve-
ment (Figure 8b,c) and the lifetime is even shorter in cells treated
with diester 2 than in those with untreated Li electrodes. For 2, the
irregular voltage profiles and rapidly increasing overpotentials in
Figure 8b indicate nonuniform Li-plating and stripping. Only Li-
Li symmetrical cells treated with the HFiP-diester 4 (Figure 8d)
show by 52% to 32 cycles increased lifetime of the cells. Profiles
of the charging and discharging steps are flat and substantially
lower than those shown in Figure 8b,c. Yet, a similar prolongation
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of the lifetime as with HBFEP treatment was realized by none of
the other diesters.

3.1.4. Surface Cleaning with HNTf,

From the preceding, one could argue that the beneficial perfor-
mance of the artificial LiIBFEP layer could result from the simple
removal of the basic surface species such as LiOH and Li,CO, by
the acid-base HBFEP-treatment and not from the formation of
the LiBFEP layer itself. Since bis(trifluoromethane)sulfonimide
(HNTL,) is a strong acid, a related treatment should similarly lead
to the removal of the basic surface layer. Hence, HNTf, was also
used for coating LMAs (Figure 8f, LFOO5SHNT1, see Table 1). But, in
contrast to LiBFEP, the LiNTf, formed upon reaction is well sol-
uble in the coating solution and does not remain on the surface.
Cells treated with HNTY, in Figure 8 show almost no improve-
ment of their lifetime.l%¢7] This indicates that the life-prolonging
effect of the HBFEP treatment does not originate from the simple
removal of the basic surface layer from Li.

Overall, the effects of the treatment of the Li electrodes with
the phosphoric acid diesters in a solution chemical process are
a compromise between several factors: Acid strength, steric ef-
fects, the coating time, and the concentration of the coating solu-
tion might play an important role. According to Figure 8, HBFEP
seems to give the best combination. However, the different di-
esters may require other application conditions, but to restrict
the scope, only HBFEP was selected to further study the influ-
ence of such an artificial SEI on LMAs in realistic LMB full cells
in Section 3.3.

3.2. Electrochemical Tests of Coated NMC850510 Electrodes in
Half Cells

To evaluate the influence of the LiBFEP-coating on nickel-rich
NMC850510 cathodes, electrochemical tests in half cells were
conducted with pristine and 0.7 x 10~ M HBFEP-treated cath-
odes (NMC07mH30, see Table 1). The NMC850510 cathodes
were dried after the HBFEP treatment for half an hour under dy-
namic vacuum in the vacuum chamber of the glovebox (<1 mbar)
to remove the volatiles from the HBFEP treatment (cf. Equation 3
and 4). The half cells were cycled at 0.5 C-rate to keep the in-
fluence of the pristine lithium counter electrode low. Half-cell
cycling data shows over 250 cycles an improved performance
of HBFED-treated cells (Figure 9a) with reduced standard de-
viations (area marked in faint red) compared to cells without
HBFEP treatment (area marked in faint gray). HBFEP-treatment
increases the cycling-reproducibility from the very beginning and
improves average charging and discharging voltages (Figure 9b).

3.2.1. CC and CV Share of the Charging

The cycling of the half cells was performed with a constant cur-
rent and constant voltage (CC-CV) charging protocol. Here, the
share of the constant current capacity (CCC) and the constant
voltage capacity (CVC) gives an insight into the conditions in-
side the cells,[®® similar to the constant current charging time
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Figure 9. a) Cycling data of half cells (coin cells) HBFEP-treated NMC850510 cathodes in comparison with cells without HBFEP treatment. b) Devel-
opment of the average voltage for the charge/discharge step of the half cells over the course of 250 cycles (without HBFEP/with HBFEP treatment) at

25 °C. Quadruplicates were tested for each series of cells.

(CCCT) and the constant voltage charging time (CVCT).[%*7") The
CVC should be as small as possible since the CV step takes much
time, and the contribution to the charge capacity is limited. On
the other hand, high CV shares indicate sluggish Li ion diffu-
sivity in the CAMs and the presence of a concentration gradient
of Li ions.”"72] The extent of the increase in the CV share pro-
vides information on the stability and the dimension of unde-
sired processes of the CAMs. The polarization of the cells and
CVC capacities are collected in Table 2, with the cell polarization
referenced to the average voltages at the 6™ cycle, i.e., comple-
tion of cell formation. Figure S9 (Supporting Information) also
shows the voltage profiles of the different cells during the cy-
cling. For cells without the HBFEP treatment, a shift of the volt-
age profiles to higher values resulted so that the cutoff voltages
are reached earlier and the (unfavorable) CVC share increases
quicker.

The difference in the polarization becomes significant after
125 cycles mainly in the discharging step, resulting in a pro-
longed discharging for the HBFEP-treated cells as the cells do
not reach the cutoff voltage, which improves the cycling perfor-
mance of those cells.[®®) HBFEP treatment enables utilization of
59.5% of the initial discharge capacity after 225 cycles, whereas
with untreated NMC850510cathodes, only 48.7% are available.
In addition, the CVC increase of cells with untreated cathodes
accelerates with advanced cycling. The HBEFP-treatment delays
the voltage shift during charging and discharging, especially at
later cycling stages (>200 cycles) when the differences between
the voltage profiles of coated and pristine cells become more
significant. Both observations indicate the beneficial effect of
the LiBFEP-coating on the CAM-apparently resulting from (par-
tial?) removal of the basic surface species from the NMC par-
ticles and suppression of electrolyte side reactions attributed to

Table 2. Overview of the polarization of the cells according to the average voltages (compared to 6th cycle) and the share of the CVC on the overall

capacity.
Cycle AV pyerage voltage NMC8505109 AV,pyerage Voltage NMC850510 + Share CVC NMC850510 [%] Share CVC NMC850510 + 0.7 x
0.7 HBFEP? 1073 m HBFEP [%]
Charge [mV] Discharge [mv] Charge [mV] Discharge [mV]

6 - - - - 1.6 1.8

25 26 -18 28 =12 3.2 3.4

50 39 =23 40 -18 4.7 5.0

75 62 —40 63 -34 7.3 7.6

100 93 =75 95 =71 12 12

125 151 —306 132 -118 18.7 17.3

150 181 =317 166 -169 22.5 21.2

175 221 —406 210 -229 26.9 259

200 287 —458 257 -301 36.4 30.6

225 365 =521 314 =375 44.9 36.8

250 410 —540 379 —447 49.0 44.9

a,
)Average voltages of 6™ cycle were used as a reference voltage.
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Figure 10. Overview of the cycling data of full cells (25 °C) containing a thin Li-metal anode and different CAMs at 25 °C; a) NMC111; b) NMC622;
c) NMC811 and NMC811 + 0.7 x 1073 m HBFEP; d) NMC111 with a reduced amount of electrolyte; in this case, the cells with pristine Li foil could
not be cycled. The orange lines correspond to the State-of-Health of 80% of the different cells with the associated numbers of cycles until this status is
reached. Figure 11 also shows the Electrolyte weight-to-capacity ratio and the current density of the cells (green). Quadruplicates were tested for each

series of cells.

highly reactive surface-Ni** ions,”3! that induce consumption of
the electrolyte, gas evolution, formation of an insulating inter-
phase with consumption of active material.5*7475] Each of these
processes in turn results in a loss of capacity, especially at high
voltages.”®!

3.3. Testing of the Coated Electrodes in Realistic Full Cells

The empbhasis of the following measurements focused on imple-
menting adapted cycling conditions for realistic LMB full cells
(see Section S7, Supporting Information). Note that the simple
alteration of the electrolyte amount and thickness of the Li-metal
anodes in Figure S10 (Supporting Information) results in an ex-
tension of the cell’s lifetime from 30 cycles to almost 300 cycles
without any further treatment of the Li anode and identical cy-
cling protocol. This critical interplay of cell parameters is often
underestimated for LMBs. Furthermore, evaluating cycling data
is barely possible, if not full cycling parameters are given. Favor-
ably, a series of recent publications provide good guidelines re-
garding electrochemical measurements for battery applications,
which were adhered to in this work.[4050.77]

Figure 10 shows the cycling data of our realistic full cells,
including a 48 um thin Li-metal foil and a reduced electrolyte
weight to cell capacity ratio (26.4-45.5 g Ah). The effect of the
HBFEP treatment (LFOO5H4, see Table 1) and the correspond-
ing application of a LiBFEP layer on the lithium foil was first
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tested with stable low nicke]l NMC111, followed by NMC622
and NMC811 CAMs of higher Ni-content. The cycling tests
(Figure 10a—d) indicate superior performance, and the applica-
tion of LiBFEP enables stable cycling (0.05-HBFEP) with a three-
fold delayed onset for the capacity drop (Figure 10a) for cells with
NMC111 cathodes. Also, NMC622 and NMC811 full cell cycling
data (Figure 10b,c) show a delayed onset for the capacity drop
during the course of the cycling. Cells with NMC622 and mod-
ified LMAs reach an improvement of 80% versus the untreated
reference and almost a doubling of the lifetime is possible with
NMCB811 cathodes. The extension of the cell’s lifetime appears
to be strongly related to the CAM, probably attributed to side re-
actions with the electrolyte and structural changes of the CAM
during cycling. As an extension, full cells with NMC111 and fur-
ther reduced electrolyte amount were built (Figure 10d). The data
with a capacity drop after 60 cycles indicate a reduced effect of the
LiBFEP-coating used under these electrolyte scarce conditions in
comparison to the cycling of NMC111 cells in Figure 10a. By con-
trast, it was impossible to cycle cells with untreated Li anodes
under the same electrolyte scarce conditions!”®! as in Figure 10d.
This shows the benefit of the HBFEP treatment, which holds for
all cycling configurations. Hence, the full-cell lifetime extension
reaches up to 285% for NMC111 cathodes, thus confirming the
positive properties of the LiBFEP-coating in full cells and un-
der realistic conditions. Note that all cycling data was obtained
by measuring quadruplicate cells and those with HBFEP-treated
LMAs perform better than the pristine ones (Figure 10a—d). Even

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 7 SUOWIWOD SR 3(dedl|dde ayy Aq peusenob afe saoie YO ‘sn Jo SNl Joj Ariq1T8UlUO 8|1 UO (SUONIPUCD-pUE-SWLBIW0D A8 1M Ale.q Ul Uo//:Sdny) SUOIPUOD pue SWe 1 84} 88S *[GZ02/T0/80] U ARiqiTauliuo A[IM "4 IMisu| eynsied Aq S6TE0rZ0Z WUSe/Z00T OT/I0pW00 A8 | Ake.d1jpuluo//sdny woiy papeojumod ‘0 ‘0v8arToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

a)
160

= Li
= 0.05-HBFEP

140

-
N
S
L
-
(2]

=

o

t=3
L

3
S
1

%
Coin Cell, NMC111
Li foil 48 ym Thickness, GF/A
55 ul 0.2 M Li[A(ORF),] in 0-DFB + 2 Eq. DME + 2 wt.% FEC
=0.95 mA cm?

-3
°
N

Specific discharge capacity [mAh g']

T T T T T T 1
0 50 100 150 200 250 300 350 400

Cycle

b)

www.advenergymat.de

120
110 4 = U
= 0.05-HBFEP
52100 .
= =3 - T Conyn
- [ Lyt « P
o %0 - e e w
= ' -
2 g0
ﬁ - S
w70 18 “»
o "a, :‘ "
‘5 60
£
o 50 “
; -
S 20+ -
30

20 - T T T T T T T 1
0 50 100 150 200 250 300 350 400

Cycle

Figure 11. a) Cycling data of full cells (25 °C) containing a thin Li-metal anode and a 0.2 m Li[Al(ORF),] in 0-DFB + 2 Eq. DME and 2 wt% FEC;
b) coulombic efficiencies of the full cells. Quadruplicates were tested for each series of cells.

considering the error ranges, the cycling data show the superior
performances of the HBFEP-treated LMBs also considering the
error ranges confirming a real improvement in the cell’s lifetime.
Figure 10c also shows the full-cell cycling data of LMBs with both,
HBFEP-treated NMC811 cathodes and LMAs. In this case, the
lifetime of the full cells is slightly extended up to 76% and after
37 cycles a significant capacity drop occurs rather than after 21
cycles, as with the untreated electrodes. Figure S12 (Supporting
Information) indicates that the main contribution of the improve-
ment in the cell’s lifetime results from the HBFEP treated LMAs,
since full cells with HBFEP-treated NMC811 cathodes only show
a similar lifetime to full cells with untreated electrodes. Appar-
ently, and due to the shorter lifetime of the full cells, the life-
prolonging effect of HBFEP-treated NMC811 cathodes differen-
tiating in half cells after 80 cycles (Figure 9a) does not does not
yet dominate.

3.4. Full Cells in Low-Polarity, Low-Concentration Electrolyte

One possible reason for the limited lifetime of the HBFEP-
coated Li foil in LMBs with carbonate-based electrolyte, is the
dissolution of the (very sparingly soluble) LiBFEP. Hence, to
further decrease LiBFEP-dissolution in the system, the novel
low-concentration and low-polarity electrolyte DFB02 was tested
in LMBs. It consists of a 0.2 M solution of lithium perflu-
orotertbutoxyaluminate (Li[Al(ORF),]; Rf = -C(CF;);) in 1,2-
difluorobenzene (0DFB), a polar (¢, = 14.2 at 25 °C),[”l but almost
non-interacting low viscosity solvent (7 = 0.69 mPa s at 23 °C,
compared to L57 (EC/EMC 3:7 wt%) n = 1.11 mPa s at 20 °C).[8"]
The [AI(ORF),]” anion is a prime example of a weakly coordinat-
ing anion (WCA), where the negative charge is distributed evenly
over the entire molecular ion to inhibit ion-pair formation.!8!:82]
In addition, 2 wt% fluoroethylene carbonate (FEC) was added to
DFBO2 to improve the compatibility of the electrolyte system with
the electrode interfaces/interphases. Lastly, 2 equivalents of DME
per Li* ion act as bidentate ligands in compact [Li(DME),]* units
and enable fast bulk ion mobility in the low-viscosity electrolyte
solution (cf. to the else formed large Li(carbonate),]* ion).[8384]
The complexation of the Li* ions with DME in DFB02 reduces
the formation of contact ion pairs (CIP) or aggregate ions and
increases the ionicity of the electrolyte to almost 100%. By con-
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trast, the LP57 electrolyte has a reduced ionicity of 35-40% with
a large fraction of CIPs.[®#] Additionally, the large size of the
[A1(ORF),]” anion increases the solubility through the low lat-
tice energies of its salts. An overview of conductivity and cyclic
voltammetry of the DFB02 electrolyte is given in Figure S13
(Supporting Information) and Figure 11 shows the full cell cy-
cling data with the DFB02 electrolyte with and without LiBFEP-
coating.

Figure 11a indicates a stable performance of the full cells
with the low-concentration electrolyte. Compared to the cells
with LP57, a sudden capacity drop is absent, but the capacities
drop slowly over several hundred cycles. The LiBFEP-coating
(LFOO5H4, see Table 1) improves the full-cell performance, with
80% capacity retention after 177 cycles. Without HBFEP treat-
ment, capacity retention reaches 80% at cycle 119, offering a
49% improvement by LiBFEP-coating. The coulombic efficien-
cies (CE) (Figure 11b) of all cells remain with stable cycling up to
150 cycles at 99.5%. Thereafter, strong CE-fluctuations accompa-
nied by a dropping/scattering capacity were observed for the pris-
tine cells, probably related to the (erratic) formation of short cir-
cuits in the different cells. By contrast, the cells with the LiBFEP-
modified LMAs show such a—less pronounced—behavior only
after 300 cycles. Even after 350 cycles 54% of the initial capac-
ity was retained. Overall, the compatibility of the only 0.2 M
DFBO02 electrolyte with LMAs is enhanced compared to the 1 m
carbonate-based LP57 electrolyte. Even the absolute capacities at
1 C rate are close to those obtained with five time more concen-
trated LP57.

What causes the improved stability and performance of the
low-concentration DFB02? An anion-derived SEI appears un-
likely, since the (electro-)chemically very robust [Al(ORF),]” WCA
was used (stable up > 5.5 V versus Li/Li*).8!l The coordination
of two molecules of DME to the Li* ion should result in the for-
mation of a DME-only solvation environment around the Li* ion.
DME itself is not known to support the generation of a stable SEI,
whether as a mediator nor its reduction products.?*#8] With its
inferior ligand properties, 0-DFB should not compete for pres-
ence in the solvation shell compared to DME. The X-ray struc-
ture confirmed coordination of DME in the LiBFEP coordination
polymer, which was weak and fully removable under vacuum.!*?
Consequently, the overall properties of the 0.2 m Li[Al(ORY),]
solution in o-DFB seem to prevent the decomposition of the
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electrolyte and the LMA during cycling. The absence of oxidative
and reductive currents within the applied potential window of 0
to 4.6 V versus Li/Li* (Figure S13, Supporting Information) in-
dicates good stability of the electrolyte. Also, the absence of large
quantities of carbonate solvents in the DFB02 electrolyte com-
pared to LP57 appears to have a positive influence on the per-
formance, as those induce formation of an unstable carbonate-
derived SEI on Li-metal.[?68993] By contrast, the cycling data with
the DFBO02 electrolyte indicate a sufficient stabilization of the
LMAs interface/interphase by the artificial LiBFEP-coating, pos-
sibly supported by FEC addition. With NMR-measurements the
solubility of the artificial LiBFEP-SEI was investigated by im-
mersing a HBFEP-treated Li-metal anode in the DFB02 elec-
trolyte. After 24 h, the 3'P-NMR-spectra of this liquid did not in-
clude any soluble phosphorous products. To test the influence of
FEC addition to the LP57 electrolyte, control cells with and with-
out FEC were built (Figure S14, Supporting Information). Their
performance is improved by the addition of FEC only, but the ex-
tension of the lifetime is much smaller than with the DFBO02 elec-
trolyte. Hence, the addition of FEC is not the primary reason for
the superior performance and stability of the DFB02 electrolyte
in LMBs.

Also compared to literature, the performance of the low-
concentration DFBO02 electrolyte in combination with the
LiBFEP-coating is remarkable. Hitherto, CEs >99.5% were only
reached in HCE with concentrations of the conducting salt
up to 7 M or in electrolyte systems based on liquefied sul-
fur dioxide.®l The novel low-concentration electrolyte econom-
ically profits from the low concentration of the conducting salt
and the cheap components compared to HCE or alternative
electrolytes.

4. Post-Mortem Investigations of the Li-Metal
Anodes

To further investigate the performance of HBFEP-treated Li-
metal anodes, NMC111 full cells were built with and without
coating, cycled, and opened after 10 and 70 cycles in an argon at-
mosphere and transferred under inert conditions to the electron
microscope. Figure 12a,f shows the cycling data of NMC111 full
cells built identical to those opened. As expected from Figure 10a,
cells containing untreated LMAs exhibit a strong capacity drop
after 20 cycles with almost no capacity left after 40 cycles, while
HBFEP-treated anodes enable stable cycling for at least 80 cy-
cles. The cross-section SEM images of the LMAs are shown in
Figure 12b,g and reveal huge differences, even after only 10 cy-
cles: the untreated LMAs in Figure 12b,c are severely deterio-
rated with partial pulverization including the formation of dead
lithium embedded in a porous layer. Figure 12b shows a sec-
ond layer underneath the porous layer. Based on the contrast be-
tween the porous layer and the morphology, this second layer
is metallic lithium. Figure 12c shows the magnification of the
lower parts of the untreated LMA (pink box, Figure 12b) after
10 cycles. Figure 12c displays thin, needle-like structures near
the Cu current collector foil, indicating at least partial pulver-
ization of the whole LMA even after 10 cycles. By contrast, the
cross-section image of the HBFEP-treated cell in Figure 12g in-
dicates an almost intact electrode-structure after 10 cycles. A
thin, porous layer is visible in Figure 12h (pink box, Figure 12g)
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on top of a homogenous and dense layer of metallic lithium,
similar to the non-cycled HBFEP-treated LMAs. The thickness
of the HBFEP-treated anode remains at about 50 um after 10
cycles, whereas the thickness of the untreated anode partially
reaches up to 200 um due to fragmentation. After 70 cycles, the
untreated LMA shows a complete breakdown of their structure
(Figure 12d), i.e., only a thick, porous layer is present without
any visible metallic lithium/a lithium reservoir. Furthermore, the
cross-section exhibits bright spots on the surface attributed to iso-
lated dead lithium particles and the complete pulverization of the
anode structure due to the reduced electronic conductivity within
the deteriorated lithium structure. Under these circumstances,
the electron beam from the electron microscope can cause the
charging effects. By contrast, after 70 cycles the HBFEP-treated
anode in Figure 12i shows only a smaller degree of deteriora-
tion. Overall, the anode structure appears to be intact. Three lay-
ers are visible; the top layer consists of a porous structure con-
taining some glass fibers of the separator, giving strong hints of
the deterioration of the upper parts of the anode. A second layer
of the cross-section exhibits a different morphology compared to
the top layer (cf. contrast) and indicates the presence of metallic
lithium with a corresponding lithium reservoir. Figure 12e shows
the magnification of the lower parts of the untreated Li anode (red
box, Figure 12d) after 70 cycles. The visible structures confirm the
impression of the previous figures, with thin, fibrous, and needle-
like substructures and deposits. Figure 12e further supports the
disappearance of the Li reservoir, while the structure has com-
pletely corroded and deteriorated. Literature stresses that with
thinner structures, more severe degradation occurred at the Li
anodes.[®*%] Figure 12j shows the analogous magnification of the
lower parts of the HBFEP-treated Li anode (red box, Figure 12i)
after 70 cycles. Overall, smoother and thicker substructures and
deposits are evident, indicating the presence of at least a partial
Li reservoir and less deterioration of the Li anode. The cross-
sections of cycled full cells are in good agreement with those of
the Li-Li symmetrical cell (Figure S6, Supporting Information).
The direction of the deterioration and pulverization of full cell
LMAs emanate visibly from the electrode/electrolyte interface
toward the lithium bulk and the copper current collector.[1]
A dense structure is visible after 21 cycles in Li-Li symmetrical
cells with an additional porous, mossy layer on top of the elec-
trode. The contrast of the dense structure indicates the presence
of metallic lithium.[*”]

With the LiBFEP-coating stabilizing the LMA structure and in-
ducing superior plating and stripping of lithium, the reduced
electrolyte is consumed and, hence, the generation of dead
lithium is inhibited.[1319%8] Initiating a life-prolonging effect
and retarding the capacity drop of the full cells. The porous layer
generated from HBFEP treatment (Figures 3g and 4a) also acts
favorable by an increased electrode surface area and, hence, de-
creased current density, resulting in less lithium deposition per
active electrode surface.[*!%]

5. Time-of-Flight Secondary lon Mass
Spectrometry (ToF SIMS)

Further investigations of the LMAs were conducted via ToF-SIMS
measurements.
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Figure 13. Depth profiling of a HBFEP-treated LMA with Ar;500*-clusters.

5.1. Static Mode

The uppermost layer of an untreated LMA confirmed the pres-
ence of white®! and silicon oils in the static mode (Figure S15,
Supporting Information), already evident from the ATR-IR mea-
surements (Figure 3). The untreated LMA (Figure S15, Sup-
porting Information) includes an oxygen-containing layer made
from LiOH, Li,O, and Li,CO,. Before analyzing the HBFEP-
treated (LFOO5H4, see Table 1) Li-metal foil, a reference sample
of LiBFEP was measured, giving a signal at a mass-to-charge ratio
(m/z) of 260.97 (= PO,C,H,F,, short: BFEP"). This BFEP" sig-
nal is also visible in the static SIMS of the HBFEP-treated LMA
(Figure S15, Supporting Information), confirming the presence
of LiBFEP.

5.2. Dynamic Mode

The depth profile of the artificial LIBFEP-based SEI was assessed
by dynamic measurements shown in Figure 13 that plots the
ion intensities over the course of the depth profiling, determined
with the same secondary ions as previously used for the untreated
LMA. At the beginning of the sputtering process, the intensity of
the BFEP™ signal, concomitantly with that of the PO;~ and CF;~
secondary ions, is decreasing rapidly, indicating a thin layer of
LiBFEP on the surface (Figure 13).

By contrast, the proportion of detected LiH,~ ions increases
continuously during the sputtering process and is indicative of
the presence of metallic lithium. The secondary ions CO;~ and
LiO,H™ are detected right from the beginning of the sputtering
process, agreeing with the presence of Li,CO, and LiOH/Li,O
in the upper layer of the SEI. The signals of CO,~ and LiO,H~
exhibit a noisier behavior. Since Figure 13 plots the normal-
ized intensities of the secondary ions, this agrees with lower
absolute intensities, if compared to the BFEP-associated sec-
ondary ions PO,~ and CF,~. BFEP-associated ions show a sharp
intensity drop, but carbonate- and oxide/hydroxide-associated
ions exhibit a less pronounced drop. The signals of the ox-
ide/hydroxide ions seem to have the highest intensity in deeper
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areas of the SEI structure where the LiH, ™ intensity already in-
creases. This suggests the thickness of the carbonate layer to
be lower than the Li,O/LiOH layer. The following structure of
the artificial SEI layer from the inside to the outside is plausi-
ble: The metallic lithium is followed by an inorganic Li,O/LiF
layer and a hybrid layer consisting of mainly LiBFEP and little
LiOH/Li,O/Li,CO, presents the outside. These results agree with
the ATR-IR measurements and our earlier X-ray photoelectron
spectroscopy (XPS)-measurements!“?! that suggested a strong re-
duction of the LiOH/Li, CO, layer at the top of the coating. ToF-
SIMS measurements would estimate the thickness of the layers
to be a few nm with a total thickness of the SEI approaching about
100 nm. By contrast, SEM- and EDX-measurements of the 0.05-
HBFEP treated Li-foil show a porous layer with a thickness of al-
most 10 pm (Section 2.3), which is also supported by calculations
based on the NMR-titration and the crystal density of LiBFEP
(6 ym). This contradiction to the ToF-SIMS measurements may
arise from different penetration depths of the ion beam due to
the porous surface. When plotting against the fluence, a flat sur-
face of the lithium-coating is assumed. Hence, these simplifica-
tions could result in a distortion of the depth correlation. Never-
theless, the depth profiles show the presence of metallic lithium
at lower fluences for HBFEP-treated Li-metal anodes, which in-
dicate a thinner native oxide layer with an additional layer of
LiBFEP.

5.3. Dynamic Measurements After Cycling

To study the composition of the SEI of the Li-metal anodes after
cycling, Li-Li symmetrical were opened in inert conditions with
the same precautions as for the SEM measurements. Figure 14
shows the sputtering results of these Li-metal anodes after 21 cy-
cles. Figure 14a confirms the existence of LiBFEP after cycling
and demonstrates resistance of LIBFEP to the cycling conditions.
The course of the intensity of the LiH, " signal from the HBFEP-
treated anode, attributed to the presence of metallic lithium, ex-
hibits an immediate increase at a low fluence and stays constant
during the ongoing sputtering process (Figure 14b).

By contrast, the untreated anode shows only a slowly increas-
ing intensity of the secondary ion LiH,™, reaching similar val-
ues to the coated anode only at a high fluence of 10 x 10%° ions
cm~2, This indicates that during the sputtering process, metal-
lic Lithium was present near the cycled HBFEP-treated electrode
surface, while a thick layer of decomposition products seems
to be present on the untreated electrode. Thus, the ToF-SIMS
measurements confirm the deductions from the SEM measure-
ments (Figure 12, Figure S6, Supporting Information) and sug-
gest a reduced decomposition of the electrolyte on the coated
electrode.

6. Electrochemical Impedance Spectroscopy (EIS)

The thin Li-metal foil electrodes used in our electrochemi-
cal measurements, were further evaluated with electrochemical
impedance spectroscopic (EIS-) measurements in the following
section.
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Figure 14. a) Spectra of the BFEP™-signal of a cycled untreated Li-metal foil (Li, black) and a cycled HBFEP-treated Li-metal foil (0.05-HBFEP, red) after
21 cycles (Static SIMS). b) Depth profiles of the LiH, ™ -signal of a cycled untreated Li-metal foil (Li, black) and HBFEP-treated Li-metal foil (0.05-HBFEP,

red) after 21 cycles, dynamic measurements with 10 keV Ar;50, " -clusters.

6.1. Nyquist Plots

Figure 15 shows the EIS spectra of Li-Li symmetrical cells con-
taining a 48 um thin Li-metal foil recorded during the cycling of
the cells. High impedance is visible for the untreated LMA af-
ter the assembly of the 3-electrode T-cells (Figure 15a). Cycling
leads to a strong drop of the impedance after seven cycles, indi-
cating first the presence of a poorly disordered Li-ion conducting
surface layer after the assembly and its subsequent transforma-
tion into a more conductive layer with lower impedance. Upon
further cycling, the spectra shift to higher impedances. The na-
tive oxide layer on LMAs (Figures 3 and 14), may be responsi-
ble for this.[*>1%°] By contrast, the spectra of the HBFEP-treated
LMAs (LFO05H4, Table 1) in Figure 15b exhibit directly after the
assembly a low impedance. This agrees with the formation of a
Li-ion conducting surface layer and at least the partial removal of
the native oxide layer. In the subsequent cycles, the EIS spectra
slightly shift toward higher impedance values. Yet, the extent of
the increase is much smaller than for the cell with the untreated
LMA.

Interestingly, during cycling with untreated electrodes, the
high-frequency part (>5 kHz) with the intercept of the x-axis is

a)
300

also shifting to higher impedances. This high-frequency part rep-
resents fast processes with short time constants, e.g. contact and
electrolyte resistances.'°! The HBFEP-treated cells show a sig-
nificantly lower shift of the high-frequency part during the cy-
cling, even after 14 cycles. This supports all previous conclusions
on the nature and action mode of the LiBFEP-based artificial SEI.

To further evaluate the processes during the electrochemi-
cal reaction, the frequency (w_pz ) at the maximum of the
imaginary part (-Im(Z)) of the independent semicircles was de-
termined. Figure 16 shows the spectra of the different LMAs
(Counter Electrode) including the peak frequencies of every
semicircle. The frequencies of the first semicircle in the range
>10° Hz indicate an electronic process. The existence of contact
resistance between the current collector foil and the CAM was
designated as the cause of this electronic process.'213] Simi-
lar observations can be made for graphite-based anodes.'*! With
our focus on thin LMAs, conventional electrodes were not used,
and a direct comparison of the EIS-measurements with differ-
ent electrodes is to some extent critical. Nevertheless, since the
lithium was applied on the current collector foil by a rolling
process, a reduced electrical conductivity between the metal foil
and the lithium layer may be possible. In the midfrequency

b)
300
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Figure 15. Nyquist plots of Swagelok type Li-Li symmetrical cells during the cycling at 1.0 mA cm™~2; a) using untreated Li-metal foil, including a magnified
area at low impedances; b) using HBFEP-treated (0.05HBFEP) Li-metal anodes. The EIS spectra were measured from 100 kHz to 100 mHz with a

perturbation of 10 mV at 25 °C in 3-electrode T-cells.
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Figure 16. Nyquist plots of Swagelok type Li-Li symmetrical cells after 7
cycles, including the peak frequencies of the different processes; compar-
ing untreated Li-metal anodes and HBFEP-treated (0.05HBFEP) Li-metal
anodes. Figure 16 also shows the fitted spectra of the LiLi symmetric cells,
including the equivalent circuit for the fits. The EIS spectra were measured
from 100 kHz to 100 mHz with a perturbation of 10 mV at 25 °C in 3-
electrode T-cells.

region (<10 kHz) a depressed semicircle is visible in both spectra
(Figure 16).

The peak frequencies of 259.8 Hz, both for Liand 0.05-HBFEP,
indicate an ion-related process, which may be caused by the mi-
gration of the Li* ions through the SEI layer.['®] A comparison
of both spectra shows the superior performance of the HBFEP-
treated to the untreated anode with lower resistances, attributed
to the action of the artificial LiBFEP-based SEI. A third semi-
circle was identified in the low-frequency region of the spectra.
With peak frequencies of 5.2 Hz (Li) and 3.5 Hz (0.05-HBFEP),
another ion-related process with significantly lower time con-
stant seems to cause the semicircle. Semicircles in similar fre-
quency regions were attributed to charge-transfer processes at
the lithium interface.'®] The EIS measurements also imply a
substantial influence of the composition of the lithium surface
on the charge-transfer resistance during the cycling since the low-
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frequency regions of the different LMAs exhibit different behav-
iors, as already evident in the EIS spectra directly after cell assem-
bly.

Figure 16 also contains the fits of the EIS-spectra of the cells
after seven cycles, which agree well with the spectra, especially
at high to mid frequencies, and confirm the significantly lower
resistance for the 0.05-HBFEP cells (Table S1, Supporting Infor-
mation). There are slight deviations at low to very low frequen-
cies (<1 Hz), which may relate to diffusion processes that exceed
the scope of this work. In addition, variable temperature EIS-
measurements (Figure S16, Supporting Information) between
—10 °C and +50 °C confirmed the assignments of the semicir-
cles to the different electronic and ionic processes and according
to Figure 16.(196:107]

The EIS measurements resolved individual processes at the
electrode/electrolyte interface and showed the presence of one
electronic process in combination with two more ionic processes.
These measurements determined the real impact of the HBFEP
treatment, especially on the ionic processes of LMAs during the
cycling, and confirmed all previous assumptions: The resistances
Rer; (R3) and R.r (R4) are significantly lower (Figure 16; 82 Q —
37 ©; 62 Q — 20 Q) for the HBFEP-treated LM As with values of
30-40% of the untreated LMA after seven cycles.

7. Conclusion

This work provides a detailed overview of the performance of
thin LMAs in realistic lithium-based full cells. The ionic coordi-
nation polymer LiBFEP is formed in an immersion process and
acts as an artificial SEI. Three more phosphoric acid derivates
with different fluoroalkyl chains were synthesized and applied
on the LMAs by immersion, yet performed inferior in symmetric
Li-Li cells. This immersion process was also applied to the nickel-
rich CAMs NMC 811 and NMC850510. Basic surface species—
inherent to nickel rich CAMs—can be removed and converted in
an acid-base reaction with HBFEP to a LiBFEP-coating on the
surface of the NMC particles. Half-cell tests showed the HBFEP-
treated NMC cathodes to work favorable, with suppressed po-
larization throughout the cycling and reduced constant voltage
charging times.

Extended electrochemical cycling tests in Li-Li symmetrical
cells showed the successful performance of HBFEP-treated thin
LMAs. Reduced overpotentials of the artificial SEI induce a life-
prolonging effect, almost doubling the lifetime. In full cells,
adapted to yield realistic measurements, the artificial SEI works
favorably with three NMC-CAMs and the cell’s lifetime was up
to tripled by using HBFEP-treated anodes. SEM images revealed
the structural stabilization of the HBFEP-treated anodes during
and after the cycling tests, with the artificial SEI suppressing par-
asitic reactions and the formation of dead lithium. This was fur-
ther supported by ToF-SIMS and EIS measurements. EIS enables
a quasi-in-operando investigation of the Li-metal anodes during
the cycling of the cells and a deconvolution of the different pro-
cesses confirmed beneficial effects, especially for ion-related pro-
cesses and supporting the presence of a stabilizing, protective ar-
tificial SEI of a Li-ion coordination polymer.

Hence, an artificial LiBFEP-based SEI improves the perfor-
mance of LMBs by a simple immersion process and also func-
tions on the CAM side. The results may enable a pathway toward
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large-format LMBs and the associated implementation into an
industrial production process.

8. Syntheses and Methodologies

All manipulations were carried out in an argon-filled (99.999%)
glovebox (GS MEGA Line 3), where the oxygen content was
<3 ppm and the water content was <1 ppm.

Syntheses: Compound 1: Tris(2,2,2-trifluoroethyl) phosphate
(3.4 g, 2.2mL, 10 mmol, 1.0 eq.) [>96%, TCI] and water (198 uL,
11 mmol, 1.1 eq.) were mixed and stirred at 321 K for 72 h. All
volatile components were removed under reduced pressure and
the residue was dried in a vacuum (3 X 10~ mbar) at 323 K.
Bis(2,2,2-trifluoroethyl)-hydrogen phosphate (1.2 g, 4.6 mmol,
47%) was obtained as colorless solid with a purity of 97%. The
side product was [(HO),P(O)(OCH,CF;)] (3%). Furthermore,
Compound 1 was synthesized with the anhydrous route. 2,2,2-
Trifluoroethanol (79.5 g, 60.0 mL, 840 mmol, 8.07 eq.) was cooled
to 243 K. P,O,, (29,6 g, 104 mmol, 1.00 eq.) was then slowly
added to the alcohol. The suspension was stirred overnight at
293 K. Afterwards, the solution was refluxed at 383 K for 3 h.
A colorless liquid was obtained, and the excess alcohol was then
removed under vacuum conditions (3 X 10~* mbar) at 293 K. To
further increase the purity, the raw product was distilled twice
in vacuo from one Schlenk flask (403 K) to another connected
by a knee, while the second one was cooled to 243 K.[*}] Bis(2,2,2-
trifluoroethyl)-hydrogen phosphate (20.8 g, 79.4 mmol, 19%) was
obtained as colorless solid with a purity of 94.5%. The side prod-
ucts were [(HO),P(O)(OCH,CF,)] (5%) and [(O)P(OCH,CF,),]
(0.5%). HBFEP used in this work originates from the anhydrous
syntheses.

Compound 2: 1H,1H,2H,2H-perfluoro-1-octanol (10.7 g,
6.50 mL, 29.4 mmol, 1.00 eq.) was cooled to 273 K. P,O,, (1.05 g,
36.9 mL, 1.26 eq.) was then slowly added to the alcohol. After-
ward, the suspension was refluxed at 463 K for 1 h. A colorless
liquid was obtained, and the excess alcohol was then removed
under vacuum conditions (3 X 10~ mbar) at 333 K. For purifi-
cation, the viscous liquid was dissolved in (18 mL) diethyl ether
(Et,0) and washed with water. A colorless solid was obtained by
removing diethyl ether. To further increase the purity, the prod-
uct was crystallized from a cooled solution in diethyl ether. This
procedure was repeated six times. Bis(3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl)-hydrogen phosphate (0.941 g, 1.18 mmol,
8.27%) was obtained as colorless solid with a purity of 80%. The
side product was [(HO),P(O)(O(CH,),-(CF,)sCF;)] (20%).

Compound 3: Tris(2,2,3,3,4,4,5,5-octafluoropentyl) phosphate
(10.6 g, 6.00 mL, 14.3 mmol, 1.00 eq.) was mixed with water
(0.283 g, 0.283 mL, 15.7 mmol, 1.10 eq.) and stirred at 323 K
for 14 days. Afterward, the mixture was dried in a vacuum (3 X
1073 mbar) at 323 K for 4 h. Bis(2,2,3,3,4,4,5,5-octafluoropentyl)-
hydrogen phosphate (4.61 g, 8.76 mmol, 61.3%) was obtained
as a highly viscous colorless oil with a purity of 72%. The side
products were [(HO),P(O)(O(CH,)-(CF,);CF,H)] (5%) in combi-
nation with not converted triester (23%).

Compound 4: To freshly dried 1,1,1,3,3,3-hexafluoro-2-
propanol (92.8 g, 58.1 mL, 552 mmol, 8 Eq) P,O,, (196 g,
69.0 mmol, 1 Eq) was added in smaller portions at 271 K. The
mixture was allowed to warm up to room temperature and stirred
for 16 h. Afterwards, the solution was refluxed at 333 K for 3 h.
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Excessive alcohol was removed under reduced pressure. The
residue was distilled in vacuum at 393 K oil bath temperature
whereas the receiver flask was cooled to 253 K. After sublima-
tion of the distillate in vacuum at 343 K oil bath temperature,
bis(1,1,1,3,3,3-hexafluoro-2-propyl)-hydrogen phosphate (4.58 g,
11.5 mmol, 4.17%) was obtained as colorless solid with a purity
of 95%. The side products were higher phosphates or cyclic
phosphates (5%).

Characterization Methods: ATR-IR spectra were recorded in-
side the glovebox with an Alpha FT-IR spectrometer (Bruker) us-
ing an ATR diamond unit. To ensure sufficient contact between
the samples and the diamond unit, the samples were slightly
pressed with a stamp onto the ATR diamond unit. SEM-EDX
images were obtained with a FEG-HRSEM SU8220 (Hitachi) at
25 °C using an accelerating voltage of 5 kV. An Everhart-Thornley
detector was used in the secondary electron (SE) mode. The EDX-
measurements were done with a XFlash 6-30-detector (Bruker)
and the QUANTAX FlatQUAD-detector (Bruker). The accelerat-
ing voltage was also set to 5 kV or 18 kV. The samples were pre-
pared and mounted inside the glovebox. The inert transfer of
the samples to the SEM was ensured by a specialized sample
holder (Hitachi). For the post-mortem investigations, the cells
were opened, the Li-metal electrodes extracted from the battery
stack, washed in 1 mL EMC for 1 min, and then dried. The sam-
ples for the cross-section investigation were cut at —40 °C on
a precooled metal cube using a scalpel. The inert transfer was
also ensured by a specialized sample holder (Hitachi). ToF-SIMS
measurements were carried out on a TOF.SIMSS5 device (ION-
TOF GmbH, Miinster) using Bi* primary ions and a reflectron
time-of-flight analyzer. A high vacuum system, pressure of <3 x
1078 mbar, was applied. To enhance the mass resolution, the Bi*
primary ion source was operated in high current bunched mode,
which delivers short Bi* primary ion pulses with an energy of
25 keV, a lateral resolution of approx. 4 um and a target current
of 1.4 pA at a 10 kHz repetition rate. For depth profiling, a dual-
beam analysis was carried out in interlaced mode: An argon clus-
ter beam, Ar,5y,* with 10 keV energy, was scanned over 300 x
300 um? whereas the primary Bi* beam was scanned over 100 X
100 um? (64 X 64 data points).

Nuclear Magnetic Resonance (NMR) Spectroscopy: NMR spec-
troscopic measurements were carried out with Young’s valve
NMR tubes to ensure inert conditions during the measurements.
To calculate the loading of LiBFEP on the electrode surface,
the concentration of HBFEP in the coating solution was deter-
mined before and after the immersion process. The difference
in the HBFEP concentration was normalized to the overall sur-
face of the electrode(s). The determination was based on an in-
ternal ortho-Difluorobenzene standard. A Bruker Avance III HD
300 MHz, Bruker Avance DPX 200 MHz, and Bruker Avance 11+
Widebore 400 MHz were used as spectrometers to obtain the
spectra.

Electrochemical ~Measurements: Electrochemical measure-
ments were conducted at 25 °C under controlled temperature
conditions (Binder KB53) in different cell setups. Li-Li sym-
metrical cells were tested in a coin cell setup with CR2032
cell format (Gelon, SS316). An amount of 55 uL of electrolyte
(LP57, BASF) was added to the cells using a glass fiber separator
(Whatman GF/A, @ 16 mm). Lithium electrodes (J 15 mm)
were punched out of a thin Li-metal foil (48 pym thickness on
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12 um copper, China Energy Lithium Co., Ltd.) for the cycling
tests. The cycling parameters were kept as follows: after 1 h
initial rest time the cells were charged and discharged for 1 h
with a constant current density of 1 mA cm~2 (1 mAh cm~2 areal
capacity) with a rest time of 3 min in between; the symmetric
cell cycling was stopped when a predefined cell voltage was
reached (+3 V). Half cells (NMC8505101.7 mAh cm?, BASF
former project) were built in combination with thick lithium
electrodes (450 um) and 90 pL of electrolyte. Whatman GF/D, @
16 mm was used as a separator. Half cells and full-cell tests were
also carried out in a CR2032 coin cell setup. Thin 48 um lithium
electrodes (@ 15 mm) were used as anodes and combined with
NMC-based cathodes (J 14 mm) (NMC111-NMC811) with an
areal loading of 1.0 mAh cm= (CustomCells). The amount of
electrolyte and the separator were identical to the symmetrical
cells (55 pL LP57, Whatman GF/A, @ 16 mm). All cells were
subjected to three formation cycles at C/10 after a rest time
of 10 h, followed by one cycle at C/5 and five cycles at C/2.
Afterward, the cells were cycled at 1C for 200 cycles in a CC-CV
mode with cutoff voltages at 4.3 and 3.0 V. The current limit
during the constant voltage step was set to C/20. The coin cells
were tested with a Landt CT3001A or CT3002A multichannel
battery tester. Swagelok T-cells (3-electrode setup) were used for
electrochemical impedance spectroscopy (EIS) measurements
in Li-Li symmetrical cells containing a lithium reference elec-
trode (BASF). Thin 48 pym lithium electrodes (& 12 mm) were
inserted as anodes (counter electrodes) and cathodes (working
electrodes). An amount of 80 uL of LP57 electrolyte was added for
the measurements on top of a glass fiber separator (Whatman
GF/D, @ 13 mm). The cycling tests were performed at a current
density of 1 mA cm=? with a corresponding areal capacity of
1 mAh cm™2. The symmetric cell cycling was also stopped when
a predefined cell voltage was reached (+3 V). The impedance
measurements were performed at fixed intervals of seven cycles
under potential control (PEIS) with a perturbation of 10 mV
at OCV in the frequency range between 200 kHz and 0.1 Hz.
Before the measurements, the cells were rested at OCV for 1 h
after plating at the working electrode.
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