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ABSTRACT: A novel fluorine-free ionic liquid electrolyte compris-
ing lithium dicyanamide (LiDCA) and trimethyl(isobutyl)-
phosphonium tricyanomethanide (P;;;,TCM) in a 1:9 molar
ratio is studied as an electrolyte for lithium metal batteries. At
room temperature, it demonstrates high ionic conductivity and
viscosity of about 4.5 mS cm™" and 64.9 mPa s, respectively, as well
as a 4 V electrochemical stability window (ESW). Li stripping/
plating tests prove the excellent electrolyte compatibility with Li
metal, evidenced by the remarkable cycling stability over 800 cycles.
The evolution of the Li—electrolyte interface upon cycling was
investigated via electrochemical impedance spectroscopy, displaying
a relatively low impedance increase after the initial formation cycles.
Finally, the solid electrolyte interphase (SEI) formed on Li metal
appeared to have a bilayer structure mostly consisting of DCA and
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TCM reduction products. Additionally, decomposition products of the phosphonium cation were also detected, despite prior studies

reporting its stability against Li metal.
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INTRODUCTION

A promising path to enhance the performance of lithium-based
batteries, especially in terms of energy density, is the
employment of safe and durable Li metal electrodes.”” In
fact, despite providing a large specific capacity (3861 mAh g™")
and a very negative potential (—3.05 V vs SHE), Li metal
anodes suffer from safety hazards and short life cycle, limiting
the commercialization of rechargeable Li-metal batteries."

Li metal, however, also shows high reactivity toward most
electrolytes. This leads to the spontaneous formation of a solid
electrolyte interphase (SEI) at the electrode/electrolyte
interface.” The properties of such SEI are crucial to enable
reversible plating and stripping. In fact, upon charging of the
cell, the Li metal surface is regenerated, and, in the absence of a
stable SEI, continuous electrolyte decomposition could take
place, resulting in capacity loss. The safety issues are mostly
associated with the formation of Li dendrites due to a
nonuniform deposition of Li.* The dendritic deposits can
potentially grow through the separator, resulting in a short-
circuit. Such phenomena create significant local heating and
introduce the risk of fire or explosion when organic electrolytes
based on highly volatile and flammable solvents are used.” In
addition, the commonly used conducting salt, lithium
hexafluorophosphate (LiPF), also suffers from low thermal
stability and high sensitivity to water.”” Hydrofluoric acid

(HF), which is easily formed by a LiPF, reaction with even a
trace amount of moisture, is toxic, corrosive, and can have a
detrimental impact on the battery performance.””

Among the possible solutions for circumventing these
problems is the replacement of conventional carbonate-based
electrolytes with safer ionic liquid (IL)-based electrolytes.'” ILs
are molten salts at room temperatures, offering a unique set of
properties such as negligible flammability and volatility, high
thermal stability, and a wide ESW, all of which can enhance the
safety of LIBs."'~"*

Moving toward safer and more environmentally friendly
electrolytes,"*~"” we have specifically focused on a fluorine-free
class of ILs based on dicyanamide (DCA) and tricyanome-
thanide (TCM) anions, which have shown promising results as
an electrolyte for Li-metal electrodes.”””" These cyano-based
ILs exhibit very low viscosity and significantly high ionic
conductivity owing to their small anion size,”” good charge
delocalization, and great symmetry in the case of TCM



anions.”” Additionally, the lower density of these ILs compared
to the state-of-the-art bis(trifluoromethanesulfonyl)imide
(TFSI)- and bis(fluoromethanesulfonyl)imide (FSI)-based
ILs can potentially lead to higher specific energy density, as
well as increased safety and lower production costs due to the
absence of fluorine.”"****?

Among the large variety of available ILs, the most
investigated ones for lithium-ion battery (LIB) applications
are those based on quaternary ammonium, pyrrolidinium, and
imidazolium cations.'**?°7>? Nevertheless, in recent years,
ILs containing the phosphonium cation were successfully
introduced as well.”*~*° In particular, recent studies on
phosphonium cations with small alkyl chains, trimethyl-
(isobutyl)phosphonium (P,;;;4), combined with the FSI
anion, have shown remarkable stability with Li metal.*****’
The outstanding cycling efficiency and cycling performance of
the electrolyte on the Li metal were attributed to the formation
of a stable SEI at the Li metal electrode.”® The formed SEI
exhibited a layered structure with significant quantities of
chemical species associated with the FSI anion reduction, such
as lithium fluoride (LiF), lithium oxide (Li,O), and lithium
sulfide (Li,S, LiSO,, and Li,NSO,F), whereas no evidence of
P, 1.4 cation reduction was found.*

Inspired by the potential of the Pj;,;, cation, in this study,
we are presenting a novel electrolyte based on P;;;;,TCM and
LiDCA as a fluorine-free IL electrolyte for Li metal anode. The
physicochemical and electrochemical properties of both the
neat P;;;,TCM IL and the LiDCA-P,,;,,TCM electrolyte (1:9
molar ratio) are studied with regard to ionic conductivity,
viscosity, electrochemical stability, and, only for the latter, Li
electrodeposition/dissolution behavior in Li/Li symmetrical
cells. Additionally, the SEI formed during cycling on Li metal is
characterized by X-ray photoelectron spectroscopy (XPS) and
electrochemical impedance spectroscopy (EIS). This article
represents the first report of a fluorine-free phosphonium IL
electrolyte with Li metal.

EXPERIMENTAL SECTION

Electrolyte Preparation. The ionic liquid trimethyl(isobutyl)-

phosphonium tricyanomethanide (P;;;,TCM, referred to as PT
hereafter) and the Li salt, lithium dicyanamide (LiDCA) were
provided by IoLiTec GmbH in a purity of >99.5%. Both IL and the Li
salt were dried following the procedure previously reported.”® The
water content of the neat IL was measured using a Karl Fischer
coulometric titration (Mettler Toledo Titrator Compact C30). The
water content detected in all samples was <20 ppm (detection limit =
10 ppm). Both dry solutions were transferred directly into a glove box
filled with Ar (LABmaster, MBRAUN GmbH, Germany, O, <0.1
ppm, H,0O <0.1 ppm), and they were stored and used for cell
assembly. The LiDCA-P,;;,TCM electrolyte (1:9 mol/mol, corre-
sponding to 0.49 mol kg !, referred to as LDPT hereafter) was
prepared and stored inside the glove box. Figure 1 shows the structure
of the complex ions present in the investigated electrolyte (LDPT).
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Figure 1. Chemical structure of the complex ions present in the
electrolyte (LDPT).

Physicochemical Characterization. Ionic conductivity experi-
ments were performed using an automatic conductivity meter (MCS
10, Bio-Logic) featuring a frequency analyzer and a climatic chamber,
over temperatures ranging from 0 to 60 °C. At each temperature, a
rest time of 2 h was allowed to reach equilibrium. Inside the glove
box, PT and LDPT were included in sealed conductivity cells
consisting of a glass housing and two platinized Pt electrodes. The cell
constant was determined using a 0.01 mol/L KCI standard solution
and was found to be 1.00 + 0.01 cm '

An Anton-Paar Physica MCR 301 rheometer was employed to
measure viscosity. The tests were carried out in the 0—60 °C
temperature range at 10 °C interval steps. The same shear rate of 50
s ! was used for all experiments.

Electrochemical Tests. Electrochemical investigations were
carried out with three-electrode (Swagelok-type) cells. The cells
were assembled in the same glove box used for sample preparation
(see above). The ESW of PT and LDPT was investigated via linear
sweep voltammetry (LSV). LSV experiments were performed using a
Pt disk electrode (with 1 mm diameter) as a working electrode (WE)
and a Li metal foil (500 ym thick, 99% battery grade, Honjo Metal,
Japan) as both counter and reference electrodes (CE and RE). Prior
to each experiment, the platinum electrode was polished.” LSV
experiments were performed with a VMP-3 potentiostat/galvanostat
(Bio—Logic Science Instruments, France) by scanning the WE
potential starting from the open-circuit voltage (OCV) with a scan
rate of 1 mV s '. One cell was assembled for either the anodic or the
cathodic stability measurement, which was conducted at 20.0 + 0.1
°C.

The Li* transference number was determined using two Li-metal
disks as nonblocking electrodes in Li/LDPT/Li symmetric cells. After
2 h at the OCV, a constant voltage of 10 mV was applied, and the
current decay was recorded for 10 h. The ratio between the stationary
state current at the end of the potential step (I,) and the initial
current at t = 0 () is the lithium transference number. Li stripping/
plating experiments were also carried out in symmetrical Li/LDPT/Li
cells with an applied current of 0.05 mA cm > (1 h for each step).
Electrochemical impedance spectra of such cells were collected at the
OCV every 24 h of cycling in the frequency range between 1 MHz
and 10 mHz using a S mV sinus amplitude.

Li/LiFePO, three-electrode half-cells were assembled using Li
metal as the CE and RE and cathodes with an active material
(LiFePO,, LFP) loading of ca. 1 mg cm 2 For details about the
cathode composition and fabrication procedure, please refer to ref 67.
The cells were galvanostatically cycled at C/10 (1C =170 mA g ') at
20 °C in the voltage range of 2.8—4 V vs Li/Li".

X-ray Photoelectron Spectroscopy (XPS). For XPS measure-
ments, the Li metal electrode was subjected to one deposition cycle
for 1 h at 0.05 mA cm * in Li symmetrical cell employing LDPT as
the electrolyte. The details about sample preparation and XPS
experimental setup are provided in ref 20. Due to the absence of a
clear hydrocarbon peak in the C 1s spectrum commonly selected as a
reference, the fitting of the spectra was performed without calibration
but considering the binding energy separation of those species present
in two or more photoelectron regions.””**!

RESULTS AND DISCUSSION

Physicochemical Characterization. The physicochem-

ical and electrochemical characterization of PT and LDPT are
shown in Figure 2. It should be noted that, prior to such
experiments, the reactivity of both samples toward Li metal
was visually evaluated by immersing a piece of Li foil in the PT
and LDPT solutions (inside the glove box). Figure S1 shows
photographs of the solutions in contact with Li metal after
storage at room temperature (in a glove box) for different
periods of time (i.e., just immersed, 10 min, 6 h, and 1 month).
No color change can be observed, neither for the solutions nor
for the Li metal that maintains its original metallic luster,
suggesting its stability in contact with both IL-based solutions.
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Figure 2. (a) Ionic conductivity and (b) viscosity vs temperature
plots of PT and LDPT from 0 to 60 °C (heating rate of 5 °Ch !). (c)
Linear sweep voltammograms of Li/PT/Pt and Li/LDPT/Pt cells
(both with Li as the RE) collected with a sweep rate of 1 mV's ! at 20
°C.

Variations in the ionic conductivity and viscosity with
temperature are displayed in Figure 2a,b, respectively. With
regard to PT, the ionic conductivity increased with increasing
temperature, i.e., from 4.1 mS cm™" at 0 °C to 9.5 mS cm ™' at
20 °C and, eventually, to 27.6 mS cm™! at 60 °C. Following the
inverse relation of ionic conductivity and viscosity, the latter
(Figure 2b) decreased with temperature from 74 mPa s at 0 °C
to 28.8 mPa s at 20 °C and 8.9 mPa s at 60 °C.

When the Li salt was added, a drop in conductivity and an
increase in viscosity were observed for LDPT. As shown in
Figure 2a,b at 20 °C, LDPT exhibited an ionic conductivity
and viscosity of 4.5 mS cm™' and 64.9 mPa s, respectively.
Nevertheless, such behavior is expected considering the high

surface charge density of Li* and, consequently, the strong Li*-
anion interactions. These strong interactions also increase the
viscous drag, reducing the total ionic conductivity of the
electrolyte compared to neat IL.*

Interestingly, the conductivity values of PT were higher than
those reported for its fluorinated equivalent P,;,;,FSI (6.4 mS
cm™' and 41 mPa s at 20 °C)** and only slightly lower than
those for the standard carbonate-based electrolyte (LiPFs-EC-
EMC 9.1 mS cm™ at 25 °C).** Regarding LDPT, the ionic
conductivity was also higher than that of a similar molal
concentration FSI-based electrolyte with the same cation (0.5
mol kg™' LiFSI-P;;,,FSI, ie, 1:6.14 mol/mol, ¢ ~ 3.5 mS
em™! at 20 °C)** and well above the 0.5 mol kg™! LiTESI-
Pyr ,TESI (~1.1 mS cm™' at 20 °C),”” rendering LiDCA-
P;;;4TCM an interesting electrolyte candidate for lithium
metal batteries (LMBs).

In addition to ionic conductivity, the Li* transference
number is a critical factor in determining the applicability of an
electrolyte. The transference number of the LDPT electrolyte
was determined to be 0.28, as calculated from the current
decay reaching a steady-state upon 10 h of constant voltage
applied to the cell (see Figure S2). Such a value is in line with
the majority of liquid electrolytes.

Figure 2c illustrates the linear sweep voltammetries
performed with PT and LDPT. Upon the anodic scan, the
oxidation onset appeared at 4.1 V vs Li/Li*. A similar anodic
limit observed for both PT and LDPT is expected, considering
the majority of the samples consist of TCM anions. This result
is also in agreement with the recently reported value for the N-
methyl-N-butylpyrrolidinium tricyanomethanide (Pyr,, TCM),
evidencing the role of the anion in the anodic limit.”” Upon
reduction, the first small current peak appeared at 1.5 V vs Li/
Li* for PT, followed by a severe increase in the cathodic
current at —0.25 V vs Li/Li". In view of the major role that the
reduction of the organic cation has with regard to the cathodic
limit of the IL, this result evidences the higher stability of
phosphonium compared to pyrrolidinium cations when paired
with the same anion. In fact, Pyr;,TCM exhibited cathodic
decomposition starting from 1 V vs Li/ Li*%°

The addition of lithium salt is often expected to improve the
cathodic stability of neat ILs %" In fact, the strong
Coulombic interaction between the small Li* jons and the
anion promotes the reduction of the anions to form a
passivation layer on the electrode. This passivation layer would
then prevent the severe reduction of the organic cation and
extend the cathodic limit.*® However, the measured cathodic
scan of LDPT (Figure 2c) shows the onset of the cathodic
wave at 0.20 V vs Li/Li*. The decreased cathodic limit could
be attributed to the presence of DCA™ anions in the LDPT
electrolyte. In fact, DFT calculations on Pyr;;DCA*® suggest
that when an additional electron is introduced into the system,
the spin-density around the terminal nitrogen atoms becomes
anisotropic, making DCA™ more prone to electrophilic attacks
on the opposite sides. However, the TCM™ anion structure is
more symmetrical, leading to an isotropic distribution of the
extra electron.”” The cathodic peak observed below 0 V vs Li/
Li* at about —0.1 V can be attributed to Li plating, while the
exponential growth of the cathodic current (associated with
the bulk decomposition of the electrolyte) appears at the same
potential for both PT and LDPT.

Electrochemical Performance of Symmetrical Li/Li
Cells. To demonstrate the compatibility between LDPT and
Li, stripping/plating tests were performed at 20 °C in



symmetrical Li/LDPT/Li cells. The evolution of cell
impedance during prolonged cycling was monitored by
collecting the EIS spectra of the fresh cell (after the initial
rest time at the OCV for 10 h) every 24 h during the initial 8
days of cycling and at the end of the experiment (after 1000 h
of cycling). The voltage profile and the recorded impedance
spectra are shown in Figure 3. The voltage profile (Figure 3a)
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Figure 3. (a) Voltage profiles of symmetrical Li/LDPT/Li cells upon
Li stripping/plating tests with a current of 0.05 mA cm 2 and a step
length of 1 h. The insets show magnifications during five cycles after
the rest time and 900 h. (b) Nyquist plots of the Li/LDPT/Li cell:
specifically, after a 10 h rest period before testing, after every 12 cycles
for 8 days, and after the final 400 cycles. The inset shows the
equivalent circuit used to fit the impedance data.

shows an initial polarization of +50 mV, gradually increasing to
+65 mV after prolonged cycling for 1000 h, displaying
impressive cycling stability. The magnified voltage profiles are
shown in the insets of Figure 3a highlight the stability of Li
stripping and plating, evidenced by steady polarization profiles.

Figure 3b shows the Nyquist plots of the symmetrical cell
together with the associated equivalent circuit used for fitting
the spectra. The overall interfacial resistance (Ry,), corre-
sponding to the broad feature encompassing the SEI resistance
(Rggr) and charge-transfer resistance (Rcyp), results from
summing up the two values for each spectrum. The parameters
resulting from the EIS fitting are presented in Table SI1. The
interfacial resistance of the fresh cell (i.e., only upon contact
with LDPT for 10 h at the OCV) was around 604 Q cm?. After
12 cycles (i.e, 24 h), it increased to ca. 733 Q cm?, suggesting
the progressive accumulation of decomposition products on
the Li surface, as a result of the spontaneous SEI formation.
The impedance data acquired during the subsequent 96 cycles
(i.e., the first 8 days of cycling) demonstrate that Ry, continues
to evolve during cycling to ca. 985 Q cm’. Interestingly,
however, upon the next 400 cycles (i.e, 800 h), it only
increased to ca. 988 Q cm® These impedance results, which
are in agreement with the cell voltage evolution upon the

galvanostatic stripping/plating test, indicate excellent long-
term stability of the interphase formed between Li and LDPT.
Stripping/plating tests at higher current densities were also
performed, as shown in Figure S3. At 0.5 mA cm™2, it was still
possible to operate the cells for 20 cycles before the cell
polarization increased beyond the cutoff limit of 1 V. When
increasing the current density to 1 mA cm ™2, however, the
cutoff was reached just after six cycles, suggesting the
formation of a very resistive interface, which agrees with the
EIS results previously discussed.

Moreover, the cycling performance of the LDPT electrolyte
with LFP electrodes was investigated in three-electrode Li/
LFP half-cells. As shown in Figure S4a, a gradual increase in
capacity after the first cycle was observed, which can probably
be assigned to improved electrode wetting upon cycling.
Additionally, a capacity of 110 mAh g~' and a Coulombic
efficiency approaching 99% were achieved at the 10th cycle.
This demonstrates the compatibility of such electrolyte with
low-voltage cathodes.

Study of the Solid Electrolyte Interphase (SEI). To
investigate the chemical composition of the SEI, the surface of
the Li electrode after a single deposition step (i.e, 1 h at 0.05
mA cm™?) was investigated by XPS. To gain insights into the
depth distribution of the SEI species, the sample was subjected
to Ar’ ion sputtering too. High-resolution spectra were
acquired after 5 and 10 min. Figure 4 shows the N 1s, C 1s,
and P 2p core spectra of Li metal electrodes. Figures S5—S7
show the O 1s and Li 1s regions of the cycled and pristine
electrodes.

Since the SEI is composed of both conducting and insulating
compounds, surface charging is inevitable, resulting in the
observation of different shifts for the signals of different
compound types (differential charging effect).”” For this
reason, the peak assignment was done by the characteristic
BE separations (ABEs) between the relevant core levels for
specific species instead of using the common calibration
method, i.e., assigning the —C—C— sp’ peak at 284.8 eV as a
reference.

As shown in Figure 4, despite washing with DMC, the
outermost surface of the electrode showed LDPT complex ions
(TCM~, DCA™, and Py, ,;,").>>""" This is evident from the N
Is and P 2p spectra exhibiting features related to TCM™
(=C=N, ABE(y 1,_c 15 = 112.56 + 0.02 eV)**** and DCA™
anions (C—N"—C, ABEy 1,_c 15 = 113.09 + 0.07 eV),”**" as
well as Py ;" cations (ABE(c 1,-p 5p) = 15220 £ 0.07 eV).”
The C 1s spectrum of the outermost surface (Figure 4, top
row) also shows the signals associated with residual LDPT.
These peaks, which correspond to species containing —C—
C—/—C—-H—-, C-P*, —C=N, and —C—N- bonds, appear in
the order of increasing BE.””*"** Additionally, peaks attributed
to species with the —O—C=0 character (such as, e.g., lithium
alkyl carbonate, ABE(g ¢ 15) = 244.52 + 0.08 eV)* and
Li,CO; (ABE( jo_c 1) = 241.80 + 0.06 eV)* were also
observed. Such characteristics may originate from the reaction
of the residual Li salt and/or the electrode surface (not coated
by the SEI) with DMC during the washing step.”’

Upon S min of sputtering, the intensity of the LDPT-related
peaks in the N 1s spectrum (ie, —C=N, ABE(y j;_c 15) =
11266 + 0.02 eV and —~C—N"—C—, ABE(y 1,_c 1) = 112.62
+ 0.02 eV) decreased, indicating the decrease of residual
LDPT. However, their presence might indicate the trapping of
LDPT complex ions in the SEI. Additionally, three new peaks
appeared, corresponding to the —N=C— double bond
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Figure 4. High-resolution N 1s, C 1s, and P 2p photoelectron spectra, before and after etching, of the Li-metal surface after the first lithium plating

(current, 0.05 mA cm % plating time, 1 h) in the LDPT electrolyte.

(ABE jsc 1) = 11475 + 002 eV>*™%’) and —C-N—
(ABE(y ic 1 = 11114 + 0.02 eV**™7) in a polymeric
network, as well as Li;N (ABE(y ;1,15 = 3432 £ 0.02
eV*>7). These contributions are ascribed to the decom-
position products of the anions. According to multiple previous
studies on electrolytes composed of nitrile-base anions, the
reductive polymerization of DCA and TCM anions results in
the formation of the polymeric network, whereas the complete
reduction forms Li;N and graphitic carbon.”***~* In line with
these studies, a new, graphitic sp> carbon peak appears at about
~0.8 eV lower than the —C—C—/—C—H— peak in the C 1s
spectrum. Additionally, an increase in the intensity of the O=
C—0 and Li,CO; peaks with sputtering time was observed,
which could be attributed to the native SEI on the Li metal
electrode. In fact, the lithium metal foil used is produced by
extrusion and lamination in a 50:50 Ar/CO, atmosphere. After
10 min of sputtering in the N 1s spectrum, the two peaks
related to TCM and DCA anions were still present (despite a
significant decrease in the intensity), confirming that the
LDPT comg)lex ions were still embedded within the SEI
structure.”®" Furthermore, the intensity of the peaks related
to C and N atoms with single and double bonds in a polymeric
network further decreased compared to the spectra obtained
after S min of etching (in both N 1s and C 1s spectra).
Exceptions are the Li;N peak in the N 1s spectrum and the sp*
and sp® carbon peaks in the C 1s region, both showing a
significant increase. This may indicate the decomposition of
both DCA™ and TCM™ anions due to the highly reducing
environment in proximity of the Li metal surface.
Furthermore, the trend of the peaks associated with the
LDPT complex ions upon sputtering reveals interesting
information regarding the stability of the phosphonium cation.
In comparison with the P 2p spectrum of the outermost
surface, after sputtering, the peak broadened and shifted to
lower BE values. After S min of sputtering, in addition to the

P st peak, two new features at lower BE values were
identified in the P 2p spectrum. Although the assignment of
these features to specific degradation products requires further
investigation, they can tentatively be assigned to neutral
phosphorous surrounded by alkyl chains such as P—((CH,),—
CH3)y (as it also occurs for the Pyr;,* cation®) and inorganic
phosphides such as Li;_,P,*> which appear in the order of
decreasing BE, respectively.

To the best of our knowledge, we are the first group ever to
report the breakdown of this phosphonium cation when used
in LIB/LMBs. In fact, Girard et al. did not detect any
decomposition product of phosphonium in the SEI of the Li
metal electrode after an extensive study on P,;,;,FSI by XPS,
FTIR, and MAS-NMR.**" However, a very recent study on
triethyl(methyl)phosphonium bis(fluorosulfonyl)imide
(P1,,FSI) for the Si anode reported by Arafo et al. has
shown that the cation can decompose when the salt
concentration of the electrolyte is below a certain threshold
(in that specific case, below 3.8 mol kg™").

On the basis of our XPS results, the SEI formed on the Li
metal electrode in the presence of LDPT appears to be
composed of two main layers: the outer layer that has a
polymeric character, ensuring good mechanical flexibility, and
the inner layer that is rich in inorganic compounds such as
Li;N and, probably, Li;_,P, both of which are known to have
high Li* ion conductivity.®*~%°

It is important to note that compared with our previous
study on the single anion and mixed-anion systems combined
with pyrrolidinium cations (i.e,, LIDCA-Pyr;,DCA, LiTCM-
Pyr,;,TCM, and LiDCA-Pyr;,TCM), the SEI formed on the Li
metal under the same conditions displayed very similar
characteristics and composition.”” Therefore, despite clear
evidence of cation decomposition products, the SEI formation
in cyano-based ILs is mainly anion-driven in both pyrrolidi-
nium and phosphonium-based systems.



CONCLUSIONS

Herein, a new ionic liquid-based electrolyte containing a
phosphonium cation and fluorine-free anions is proposed as a
potential electrolyte for lithium metal batteries. The electrolyte
LiDCA-P,;;;,TCM (1:9 mol/mol ratio) exhibited high ionic
conductivity (4.5 mS cm™), low viscosity (64.9 mPa s), and
wide ESW (4 V) at room temperature. The electrolyte
exhibited remarkable compatibility with Li metal, as evidenced
by the prolonged Li stripping/plating test for over 800 cycles.
The evolution of the Li/electrolyte interphase, investigated
upon cycling via impedance spectroscopy, shows a relatively
small increase after the first formation cycles. Finally, the SEI
formed on the Li metal, characterized by XPS, appears to have
a bilayer structure consisting of polymeric compounds and
inorganic species in the outer and inner layers, respectively.
According to the XPS data, the SEI is composed of reduction
products of both anions (DCA and TCM) and the cation
(P1114)- In fact, despite prior studies reporting on the stability
of the Py, cation against Li metal, the data revealed the
decomposition of phosphonium cations into, possibly, ionic-
conducting Li;_,P. Although the decomposition products are
evident, the exact reaction mechanism and breakdown
pathways for this reduction require further investigation.
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