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ABSTRACT: New solid polymer electrolytes are of particular
interest for next-generation high-energy batteries since they can
overcome the limited voltage window of conventional polyether-
based electrolytes. Herein, a flame-retardant phosphorus-containing
polymer, poly(dimethyl(methacryloyloxy)methyl phosphonate)
(PMAPC1) is introduced as a promising polymer matrix. Free-
standing membranes are easily obtained by mixing PMAPC1 with
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and a small
amount of acetonitrile (AN). LiTFSI/AN mixed aggregates are
formed that act as plasticizers and enable ionic conductivities up to
1.6 X 1073 S cm™" at 100 °C. The high content of LiTFSI used in
our electrolytes leads to the formation of a stable LiF solid-
electrolyte interphase, which can effectively suppress Li dendrites
and the chemical degradation of AN in contact with Li. Accordingly the electrolyte membranes exhibit a wide electrochemical
stability window above 4.7 V versus Li*/Li and fire-retardant properties due to the presence of the phosphorus-containing polymer.
Atomistic molecular modeling simulations have been performed to determine the structure of the electrolytes on the microscopic
scale and to rationalize the trends in ionic conductivity and the transport regime as a function of the electrolyte composition. Finally,
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High salt-content plasticized flame-retardant polymer electrolyte
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cathode

LiTFSI+CH,;CN+ Li metal
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our electrolyte membranes enable stable cycling performance for LiFePO,/PMAPC1 + LiTESI + ANILi batteries.
KEYWORDS: polyethers, PMAPCI, solid polymer electrolytes, lithium-ion batteries, LiTFSI

1. INTRODUCTION

Among the current chemical battery systems, such as consumer
electronics, electric vehicles, and energy storage systems,]
lithium-ion batteries are considered as the most promising
energy storage devices due to their high energy density, long
cycle life, and no memory effect” In most commercial
batteries, organic liquid electrolytes are used due to their
high ionic conductivity and good interfacial contact. Never-
theless, their obvious drawbacks, such as volatility, flamma-
bility, decomposition, and poor safety, hinder the further
development of high-energy-density lithium-ion batteries.’
Therefore, replacing liquid electrolytes with solid-state electro-
Iytes has been considered as the key to safe and durable
lithium-based battery systems and is urgently required for the
further development of lithium-metal batteries (LMBs) that
rely on lithium metal as the anode.* Many types of polymer-
based electrolytes have been proposed so far, including solid
polymer electrolytes (SPEs) and gel polymer electrolytes, each
of these with advantages and drawbacks under current intense
studies in search for the ideal formulation.”® SPEs have the
advantages of safety, flexibility, light weight, and easy
processing into films. They can also suppress the problems
of lithium dendrites and electrolyte decomposition and are
thus good candidates for LMBs.”"*
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Over the past decades, many researchers have been
committed to the research on SPEs based on poly(ethylene
oxide) (PEO)-based polymers, trying to improve the
conductivity by introducing new lithium salts, decreasing the
crystallinity of PEO, and adding plasticizers or nano-
particles.”'” Despite these efforts, the ionic conductivity of
the PEO-based SPEs remain relatively low and their limited
electrochemical stability makes them only compatible with
cathodes below 4 V, calling for the investigation of other types
of polymers including poly(ethylene carbonate),'’ perfluor-
opolyether,"” polyimine,"> and poly(vinylene carbonate),"* to
name a few. Nevertheless, the ionic conductivity values of the
SPEs based on those polymers are still low and further research
is still required to approach the performances of liquid or gel
electrolytes. Moreover, although their flammability is consid-
erably reduced compared to liquid or gel electrolytes, SPEs are
still flammable and cannot totally suppress dendrite growth.
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Among numerous potential flame-retardant polymer electro-
lytes, phosphonate-containing polymers have been considered
in this contribution as the most promising candidates due to
their good thermal stability, bonding ability to metals, and
excellent flame retardancy.'”'® Indeed, the phosphorus atoms
in phosphonates act as trapping agents for the hydrogen
radicals that initiate chain reactions to cause combustion.'”
Therefore, low molar mass phosphonate-containing com-
pounds have been widely used as fire-retardant additives in
electrolyte formulations.'®"”

Here, we propose the use of a phosphonate-containing
polymer, namely, poly(dimethyl(methacryloyloxy)methyl
phosphonate) (PMAPC1), that plays at the same time the
role of a polymer matrix and fire-retardant agent in the
formulation of our electrolytes. The lithium salt, bis-
(trifluoromethanesulfonyl)imide (LiTFSI) has been selected
owing to its high dissociation ability and good thermal and
chemical stability.””*' Moreover, when LiTESI is employed at
high concentrations in the electrolyte, it can improve the
interfacial compatibility and enhance the stability by forming a
fluorinated solid-electrolyte interghase (SEI) film on the
lithium anode surface in LMBs.”” >* To increase the ionic
mobility in our system, we have further added small amounts
of acetonitrile (AN) as a plasticizer in our formulation. Indeed,
AN strongly solvates lithium salts and enhances the ionic
conductivity of the electrolyte due to its high dielectric
constant.””*® Besides this, it also has a high oxidation-tolerant
property and can overcome the conventional voltage
limitation.”” However, AN can spontaneously react with
metal lithium violently.”*** Nevertheless, Yamada and co-
workers have recently demonstrated that AN shows unusual
electrochemical stability when small amounts of AN are mixed
with LiTESI in the superconcentrated electrolytes.*’

In this contribution, we demonstrate that plasticized or
quasi-solid polymer electrolytes containing the phosphonate-
containing polymer PMAPCI1, LiTFSI, and small amounts of
AN allow the formation of flame-retardant self-standing flexible
electrolyte membranes exhibiting high electrochemical and
thermal stabilities and good ionic conductivities at 60 °C. To
further characterize the microstructure of the plasticized SPEs
and to get a better insight on the interactions between the
PMAPCI1 polymer chains, LiTFSI, and AN, a detailed
molecular modeling study was performed based on molecular
dynamics, MD calculations. From the MD simulations we have
also determined the trend in ionic conductivity and transport
regime as a function of the SPE composition. The potential
application of plasticized SPEs in LMBs is demonstrated by
measuring a LiFePO,ISPEILi battery that shows excellent
cycling stability and good capacity retention of 100 mAh g™ at
1 C when operated at 60 °C.

2. EXPERIMENTAL SECTION

2.1. Materials. The chemicals used for synthesizing the polymers
were reagent grade and the chemicals used for preparing the batteries
were battery grade, all used without further purification. Dimethyl
hydrogenophosphonate, methacrylic acid (MAA), cyanoisopropyl
dithiobenzoate (CIDB), and poly(vinylidene fluoride) (PVDF) were
purchased from Sigma-Aldrich. Paraformaldehyde, dicyclohexylcarbo-
diimide (DCCI), N-methyl-2-pyrrolidone (NMP), and lithium-metal
foil (99.9%) were purchased from Alfa Aesar. N,N-Dimethyl-4-
aminopyridine (DMAP) was purchased from Acros. Methanol,
chloroform, dimethylformamide (DMF), and diethyl ether were
purchased from VWR. Potassium carbonate (K,CO,) was anhydrous
and purchased from Fluka. 2,2'-Azobisisobutyronitrile (AIBN) was

purchased from Sigma-Aldrich and recrystallized in methanol before
using it. Deuterated chloroform (CDCl;) used for NMR spectroscopy
was purchased from Eurisotop. Lithium battery-grade lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium iron phosphate
(LiFePO,), and Super-P were purchased from Sigma-Aldrich.
Acetonitrile (AN) was anhydrous and purchased from Sigma-Aldrich.

2.2. Synthesis of Dimethyl-a-hydroxymethyl Phosphonate.
Dimethyl hydrogenophosphonate (20 g, 0.09 mol) and paraformal-
dehyde (5.46 g, 0.09 mol) were added to methanol (60 mL) in a two-
neck round bottom flask equipped with a condenser. Then, anhydrous
potassium carbonate (1.24 g) was introduced and stirred under reflux
for 2 h. Dimethyl-a-hydroxymethyl phosphonate was obtained after
removing all of the solvent under vacuum at 40 °C. 'H NMR
spectroscopy was used to characterize the product.

'H NMR (300 MHz, CDCL,, § ppm): 3.6 (d, 6H, PO(OCHS,),);
3.9 (d, 2H, CH,P); 5.3 (s, 1H, OH).

2.3. Synthesis of Dimethyl(methacryloxy)methyl Phospho-
nate (MAPC1). Dimethyl-a-hydroxymethylphosphonate (10 g, 71
mmol) and MAA (6.15 g, 71 mmol) were added to chloroform (50
mL) in a two-neck round bottom flask at 0 °C. DCCI (14.73 g, 71
mmol) and DMAP (0.872 g, 7.1 mmol) were added to the mixture
under a nitrogen atmosphere. The solution was vigorously stirred for
2 h at room temperature. The final product was obtained after
filtration and concentrated under vacuum. 'H NMR spectroscopy was
used to characterize the product.

'"H NMR (300 MHz, CDCl,, § ppm): 1.8 (s, 3H, C(CH;)—C); 3.6
(d, 6H, PO(OCH,),); 445 (d, 2H, CH,P); 5.5 (s, H, H,C=
C(CH,)); 6.1 (s, H, H,C=C(CHj)).

2.4. Reversible Addition—Fragmentation Transfer (RAFT)
Polymerization of MAPC1. CIDB (44.2 mg, 0.2 mmol), AIBN
(10.9 mg, 0.07 mmol), and MAPC1 (2 g, 9.6 mmol) were added to
dimethylformamide (7 mL) in a Schlenk tube under a nitrogen
atmosphere. The mixture was degassed by several freeze—pump—thaw
cycles, and then immersed in a preheated oil bath at 70 °C for 400
min. The polymerization was stopped by exposure to the air and
cooling with liquid nitrogen. Poly(dimethyl(methacryloyloxy)methyl
phosphonate) (PMAPC1) was precipitated in cold hexane after DMF
removal under vacuum. 'H NMR spectroscopy was used to
characterize the product and to determine the molar mass by
comparing the intensity of the characteristic signals from the
monomer to the ones of the chain transfer agent (CTA) in the
aromatic region. A molar mass of 12000 g mol™" was calculated.

'H NMR (300 MHz, CDCL,, 6 ppm): 8.0—=7.2 (Hyomaie); 44—42
(CH,—P); 4-3.7 (OCH;), 2.2—1.9 (CH, backbone); 1.2—0.8
(CHy).

In other experiments, the amounts of CIDB and AIBN were
divided by 2 and 3, respectively, while the amount of MAPC1 and the
polymerization time were kept constant compared to the experiment
described here above. This resulted in PMAPC1 homopolymers with
molar masses of 18 000 and 24 000 g mol™’, respectively.

2.5. Electrolyte Preparation. The electrolytes were prepared
according to the following steps. First, a specified amount of
PMAPC1 was dissolved in AN with mild stirring to prepare a
homogeneous mixture. Then, LiTFSI was added to the mixture in
different molar ratios. After continuously stirring at room temperature
for 24 h, the solutions were cast on a Teflon mold, and then dried
inside the glovebox at room temperature for 12 h. Subsequently, they
were dried in a dynamic vacuum oven at 100 °C overnight to remove
the solvent completely. After this, the mold was transferred back to
the glovebox immediately to minimize the absorption of water from
the air. They were weighed to determine the amount of dried
PMAPC1 and LiTFSI in the mold and to further calculate the amount
of AN to be added. After addition of the required amount of AN to
the dried PMAPC1 and LiTESI in the glovebox, the SPE was
obtained. To allow homogeneous dispersion of AN within the SPE,
each membrane was equilibrated for 2 days before measurements. For
each investigated SPE composition, three samples were prepared to
assess reproducibility of the results.

2.6. Experimental Techniques. Nuclear magnetic resonance
(NMR) spectroscopy was conducted using a Bruker 300 UltraShield
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spectrometer. The monomers and polymer were dissolved in
deuterated chloroform (CDC).

Size exclusion chromatography (SEC) was performed on an
Agilent system with 1 mL min™' DMF (containing 0.1 wt % of LiCl)
as the eluent. Poly(methyl methacrylate) standards were used for
calibration.

Fourier-transform infrared (FTIR) spectra were measured using an
Agilent Technologies Cary 630 FTIR using a diamond attenuated
total reflection (ATR) unit with the wavelength from 4000 to 650
cm™" under an argon atmosphere.

Differential scanning calorimetry (DSC) was conducted using a
Mettler Toledo DSC1 equipped with STARe software. Samples were
placed in a 40 uL sealed aluminum pan. The temperature profile was
swept from —70 to 130 °C at a heating rate of 10 °C min~" under a
nitrogen atmosphere.

Thermogravimetric analysis (TGA) was conducted using a Netzsch
STA 449F3. Samples were placed in an 85 uL alumina crucible under
a constant argon flow with a heating rate of 5 K min™", and initial and
final temperatures were set at 25 and 500 °C, respectively.

Viscoelastic properties of all samples were investigated by small
amplitude oscillatory shear rheology using an MCR 301 (Anton Paar,
Germany) rheometer. Temperature was controlled using a convection
oven operating under a small nitrogen flow rate for measuring in the
temperature range between 20 and 120 °C. A parallel plate geometry
(diameter 8 mm) was used depending on the viscosity level of the
system at the given temperature. No slip problem was observed due to
good adhesion of the phosphonate polymers to the surface of the steel
geometry. A series of amplitude sweeps confirmed that all of the
measurements were performed in the linear viscoelastic regime (1%).
For the melt-state measurements, the samples were loaded at 120 °C
and stabilized for 1 h. Then, the sequence frequency sweeps started by
a 20 °C temperature gap until 40 °C. For checking the reproducibility
of measurements, all measurements were repeated from 40 to 120 °C
and the data were identical. For the solution measurements,
equilibration was achieved at low temperature to avoid solvent
evaporation and then a set of frequency sweeps from 20 °C until 60
°C have been measured.

Scanning electron microscopy (SEM) images were obtained with a
field-emission SEM JEOL 7600F operating at 15 kV.

X-ray powder diffraction (XRD) patterns were collected on a
STOE Darmstadt transmission diffractometer system using Cu Ka
radiation with a wavelength of 1.54 A.

X-ray photoelectron spectroscopy (XPS) was performed using an
SSI X-Probe (SSX 100/206) photoelectron spectrometer from
Surface Science Instruments equipped with a monochromatized Al
Ka X-ray source. The batteries were disassembled in a glovebox after
cycling, and the electrodes were washed with dimethyl carbonate
(DMC) before transfering into the XPS chamber. All of the binding
energies were calculated according to the C—(C, H) component of
the C Is peak fixed at 284.8 eV. Data analysis was carried out using
CasaXPS software, and the peaks were decomposed using the
Gaussian/Lorentzian product formula GL(1S) after a Shirley-type
background was subtracted.

Electrochemical impedance spectroscopy (EIS) was conducted on
the electrolytes assembled into a symmetrical stainless steel (SS)ISPEI
SS configuration for measuring the ionic conductivity. A Bio-Logic
VMP-300 potentiostat was used for measuring EIS at a voltage
amplitude of 10 mV and a frequency range of 7 MHz to 0.1 Hz. For
measuring the temperature dependent ionic conductivity, the cells
were placed in a temperature-controlled chamber. All of the
measurements were carried out from 100 to 20 °C by a programmed
instruction, with a decreasing step of 20 °C and an equilibration time
of 2 h between each step.

Linear sweep voltammetry (LSV) was applied to evaluate the
electrochemical window in a LilSPEISS configuration, with stainless
steel (SS) as a working electrode and Li metal as both the reference
electrode and the counter electrode. Using a Bio-Logic VMP-300
potentiostat, the LSV was measured under 60 °C in the potential
range from 0 to 6 V at a scanning rate of 1 mV s™".

The interface stability between the electrolyte and the lithium-
metal electrode was measured by a galvanostatic cycling experiment in
symmetrical LilSPEILi cells. The battery was charged and discharged
repeatedly for 1 h with a specific current density of 1 mA cm™ at 60
°C using a NEWARE battery test system.

The electrolyte was assembled in symmetrical LilSPEILi cells for
transference number measurements. Those measurements including
DC polarization and EIS were performed with a Bio-Logic VMP-300
potentiostat at 60 °C. The impedance measurements were performed
as mentioned above, and the polarization with a DC bias of 50 mV
was performed until a plateau in current was reached.

2.7. Fabrication of Full Batteries. LiFePO,, carbon black
(Super-P), 1PMAPC1 + 2LiTFSI + 1AN, and a poly(vinylidene
fluoride) (PVDF) binder were dispersed in an N-methyl-2-
pyrrolidone (NMP) solvent with a weight ratio of 30:30:35:5. The
obtained slurry was uniformly spread on a carbon-coated aluminum
current collector with a knife coater, followed by drying in a dynamic
vacuum oven at 100 °C for 24 h. The obtained electrode sheets were
punched out to disks as the cathode in coin cells. The lithium foil was
polished carefully and used as the anode. IPMAPCI + 2LiTFSI +
1AN was used as SPE. The electrode and electrolyte were assembled
in a CR2032-type coin cell with a LilSPE[LiFePO, configuration for
charge/discharge tests on a NEWARE battery test system.

3. THEORETICAL CALCULATIONS

3.1. Electrostatic and Polarization Effects. All atomistic
molecular dynamics simulations in this study have been carried
out using the GROMACS 2018>' molecular code and a
modified version of the OPLS-AA force field,>> where the
atomic charges for the LiTFSI salt have been derived at the
quantum chemistry level. In particular, all Li* cations have their
nominal charge of +1, to account for the possibility of full salt
dissociation, while for TFSI” we used the electrostatic
potential (ESP) atomic charges obtained from quantum
chemical calculations at the MP2 level of theory. To mimic
polarization effects in the electrolytes, all electrostatic
interactions have been scaled by a factor, ¢, which depends
on the electronic dielectric constant of the medium,”** ¢,
according to eq 1.

1

e=1—-—

&l (1)

Because of its abundance relative to the other species in the
electrolytes, we consider the medium to be LiTESI Since the
electronic dielectric constant of the medium is equal to the
square of the refractive index, n, (1.38" for LiTFSI), we
replaced &, with n* in eq 1, obtaining that the electrostatic
interactions must be scaled by a factor & ~ 0.5 in the
molecular dynamics simulation.

3.2. Structure and Composition of the Modeled
Electrolytes. Three PMAPC1/AN/LiTFSI SPEs have been
modeled, with molecular ratios (based on the monomer units)
equal to 1:1:1, 1:1:2, and 1:1:4. In all systems, the number of
AN molecules was set to 256 and the number of LiTFSI and
PMAPCI chains was determined according to the molecular
ratio considered. For the SPEs, this results in building a
polymeric matrix that is formed by 8 interdigitated PMAPC1
polymer chains, each containing 32 monomer units, for a
molecular weight of 8000 g mol™'. After construction, all
systems were equilibrated at 300 K and 1 atm through a series
of MD runs in the NPT (constant number of particles,
pressure, and temperature) and NVT (constant number of
particles, volume, and temperature) ensembles. After equilibra-
tion, a production run of 40 ns, at 300 K was performed, from
which all data were analyzed. During the MD simulations, the

https://doi.org/10.1021/acsami.1c11058
ACS Appl. Mater. Interfaces 2021, 13, 44844—44859


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c11058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(a) 2

1.5

RDF
I

(=3
(=]

G5
~

w

CRDF
h O .
— DL wiashu

NN

o
in
I

T

(=3

o
Z
P A I A e

S
I~}
=
>

Figure 1. MD simulations of the IPMAPC1 + 1L{TFSI + 1AN electrolyte: (a) Li*—Li* RDF with the position of the Li* coordination shell (rcs)
and (b) CDRFs for Li*—Li*, Li*—N,y, and Li*—Ngg~ with an indication of the average number of interactions.

temperature and pressure were controlled with the Nose—
Hoover thermostat and the Parrinello—Rahman barostat,
respectively. Three-dimensional (3D) periodic boundary
conditions were applied to a cubic modeling cell, to model
bulk electrolytes.

3.3. Electrolyte Microstructure Characterization. The
microstructure of the modeled electrolytes was investigated by
means of the radial distribution functions, RDFs, between pairs
of atomic and/or molecular species. From the RDF between
pairs of Li* cations, we extract the size of the Li* coordination
shell, which corresponds to the first minimum in the RDF after
the first peak (Figure la). Once the size of the coordination
shell for an atomic species has been defined, we consider the
cumulative radial distribution functions, CRDFs, to obtain the
average number of the short-range interactions between the
species considered (Figure 1b).

3.4. Theoretical lon Transport Properties and lonic
Conductivity. Two mechanisms are possible for the ions to
diffuse in the electrolyte: (1) the vehicular mechanism and the
(2) hopping mechanism. In the vehicular regime, the cations
diffuse together with their coordination shell, while in the
hopping regime the ions diffuse by exchanging ions and solvent
molecules that are in their coordination shell. By calculating
the degree of uncorrelated ion mobility, &, we can determine
the type of ion transport mechanism that occurs in the
electrolyte. This quantity is defined as the ratio of the true
ionic conductivity in the system, 4, and the ideal one, for which
the ions are supposed to diffuse independently from the others

()‘uncorr)‘36

app
a=L= lim a(t) = limlli(t)

a
/luncorr t=oo t=oo j’urll?orr(t) (2)

A = lim A™P(¢)

t— 0o

= lim

= lim —6t;ka > zz([R(t) = R(0)I[R(t) — R(0)])

ij

()

The ideal ionic conductivity, Ady,cor i calculated as follows

Aadb () = lim 43P0 ()
t— o0
2 N
a2 2
= z ([R(t) = R(0)]")
6tVk, T (4)

where in eqs 2 and 3, e is the electron charge, V is the volume
of the simulation box, k, is the Boltzmann constant, T is the
temperature, z; and z; are the charges of the ions, N is the total
number of ions in the simulation box, and R,(t) is the position
of ion i at time t. The degree of uncorrelated ion mobility
varies from 1, for the ideal case of totally independent ions, to
0, where the ions move together. It is considered that for o
smaller than 0.4, the ions diffuse with a vehicular mechanism. If
a is larger than 0.6, then the ions move independently from
each other, using a hopping mechanism. For values of a that
are between 0.4 and 0.6, the transport occurs in a mixed
regime.

3.5. Validation of the Molecular Modeling Approach.
The modeling strategy was validated against experimental data
and results from the literature, in particular from the work of
Yamada et al.’® To test the ability of the standard OPLS-AA
force field to reproduce the properties of pure AN at room
temperature, we calculated the density and self-diffusion
coefficient, D, for the AN molecules in a simulation box
containing 512 AN molecules and compared the values against
experimental data (Table S1). The comparison shows a very
good quantitative agreement with the experimental density and
a good qualitative one for the diffusion coeflicient.

Finally, we calculate the ionic conductivity for the AN/
LiTFSI 2:1 liquid electrolyte already investigated by Yamada et
al. Our results show that the degree of uncorrelated ionic
mobility, a, is about 0.6, meaning that the ionic transport
occurs in a mixed hopping/vehicular regime, with a somewhat
larger hopping character. The theoretical ionic conductivity we
calculated for this electrolyte is 4.6 mS cm™', which is an
overestimation by a factor of 5 with respect to the value
obtained in ref 30. This is due to the fact that due to the
complexity of the SPEs involved in this work, we have to rely
on classical force-field MD simulations instead of the ab initio
MD approach used in ref 30. Nevertheless, we can consider
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1LiTFSI and 1PMAPCI1 + 1LiTESI + 1AN.

that our results are in good qualitative agreement with those
from the work of Yamada et al.

4. RESULTS AND DISCUSSION

4.1. Synthesis and Properties of PMAPC1 + LiTFSI +
AN Electrolytes. The dimethyl (methacryloyloxy)methyl
phosphonate monomer and its homopolymer (PMAPCI1)
were synthetized following a previously reported method-
ology.””*® The reversible addition—fragmentation transfer
(RAFT) polymerization process was used since this technique
allows the synthesis of polymers with well-defined character-
istic features such as molar mass and dispersity. The synthetic
route to PMAPCI is depicted in Figure S1 while Figure S2
shows a representative 'H NMR spectrum of PMAPC1, which
confirms the purity of the obtained polymer with no ethylenic
protons detected. SEC analysis confirmed that only one
population of PMAPCI1 chains with a dispersity of 1.18 was
obtained. The glass transition temperature (T,) of PMAPCI
was measured at 54 °C by differential scanning calorimetry
(DSC, Figure S3a), and its thermal decomposition starts at 170
°C as measured by thermogravimetric analysis (TGA, Figure
S3b). Since the molar mass of the PMAPCI polymer is
expected to influence the properties of the final electrolytes
and specifically their ionic conductivity, this parameter was
varied. Therefore, PMAPC1 homopolymers with different
molar masses were synthesized and loaded with LiTFSI with
an initial salt loading MAPC1/Li* (mol/mol) = 1:1. Figure S4
shows the measured ionic conductivities of the accordingly
obtained SPEs at different temperatures. The best result was
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obtained with the PMAPCI1 sample with the lowest molar
mass (12000 g mol™"). This polymer was thus systematically
used for the further investigations described in this
contribution.

The ionic conductivity values reported in Figure S4 for
PMAPCI1/LiTESI SPEs are far too low for practical utilization
in batteries. Moreover, the obtained membranes are rigid and
brittle, as shown in Figure S5a,b. Therefore, we set out to add
acetonitrile (AN) as a plasticizer in the PMAPC1/LiTFSI
SPEs to address these issues. There are three main expected
effects of AN: (i) increasing the segmental motion in PMAPC1
and thus decreasing its T; (ii) loosening interactions between
Li" ions and polymer chains by promoting dissociation of
LiTFSI and further enhancing ion mobility by lowering the
activation energy;”” and (iii) increasing the amount of
dissolved lithium salts due to the high dielectric constant of
AN. To minimize safety issues such as leakage and
flammability concerns caused by large amounts of organic
additives®” and the inherent reactivity of AN with metallic
lithium,”®*" only small amounts of AN have been added to the
PMAPCI SPEs. These amounts have been calculated in terms
of molar ratios relative to LiTFSI and PMAPCI.

The beneficial effect of the addition of AN can be directly
visualized by comparing the electrolyte membranes prepared
from 1PMAPCI + 1LiTFSI and 1PMAPC1 + 1LiTFSI + 1AN
in Figure SS (in the following, the molar ratios of the different
components of the electrolytes will be indicated as numbers
before each component, this means, for example, that a 1:1:1
mol/mol/mol MAPC1/LiTESI/AN has been used for the
1IPMAPCI + 1LiTFSI + 1AN sample). Indeed, a flexible self-
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Figure 3. Flammability test of (a) 1PEO + 2LiTFSI + 1AN electrolyte and (b) 1PMAPC1 + 2LiTFSI + 1AN electrolyte.

standing membrane is observed in the case of 1IPMAPCI +
1LiTESI + 1AN SPE, while a brittle membrane is formed for
the IPMAPC1 + 1LiTFSI membrane (Figure S5). This
qualitative observation has been further confirmed by
measurements of rheological properties.

Figure 2a shows the rheological data obtained for the pure
PMAPC1 homopolymer as a reference, the 1PMAPCI1 +
1LiTFSI SPE, and the IPMAPC1 + 1LiTFSI + 1AN
plasticized SPE. Frequency sweeps have been measured for
all samples in the temperature range from 120 to 40 °C in the
linear viscoelastic regime. Master curves have been constructed
at a reference temperature of 60 °C based on the shift factors
calculated from the William—Landel—Ferry (WLF) equation.*”
From Figure 24, it is clearly observed that the elasticity and the
relaxation time (the inverse of the angular frequency of the
crossover between G’ and G”) decrease when LiTFSI is added
to PMAPCI. Further decreases in G’, G” and relaxation times
are observed when AN is added, confirming the plasticizing
effect of AN. The frequency sweeps measured at different
temperatures show lower elasticity and a shorter relaxation
time for the comparison of the 1IPMAPCI1 + 1LiTFSI and
1PMAPC1 + 1LiTFSI + 1AN samples to pure PMAPCI, and
this can be attributed to the migration of ion hopping.*
Indeed, during an ion-hopping event, the migrating ion pair is
no longer anchored to the polymer chain to which it was
initially attached. Therefore, the polymer chain segments in the
vicinity of this ion pair experience an increase in mobility
during an ion-hopping process. This mobility increment leads
to a decrease in the storage modulus for the IPMAPC1 +
1LiTESI and 1PMAPCI1 + ILiTFSI + 1AN samples in
comparison to the pure PMAPC1 homopolymer, which is
more pronounced at higher temperatures (or lower angular
frequencies).”* These results are in line with the T,s of the
different samples, as shown in Figure 2b. In this respect, the T,
of PMAPC1 observed at 54 °C decreases to 22 °C for the
1PMAPC1 + 1LiTFESI sample and is further lowered to —12
°C for the IPMAPCI + 1LiTESI + 1AN in agreement with the
increased chain segment mobility upon addition of the LiTFSI
salt and AN plasticizer. Furthermore, the observation of a
single T, for the 1IPMAPCI1 + ILiTFSI and 1PMAPCI +
1LiTFSI + 1AN samples confirms the formation of a single
polymer phase with no phase-separated polymer-rich or salt-

rich domains. The homogeneity of the IPMAPC1 + 1LiTFSI
and 1PMAPC1 + 1LiTESI + 1AN samples at the nanoscale is
further confirmed by X-ray diffraction (XRD) patterns (Figure
2¢) in which only a broad peak associated with the PMAPC1
polymer is observed with no peaks due to LiTFSI crystalline
domains.™

Finally, the beneficial effect of increased mobility upon
addition of AN as the plasticizer is reflected in the ionic
conductivities. Figure 2d reports the ionic conductivities
measured by electrochemical impedance spectroscopy (EIS)
on the 1IPMAPC1 + 1LiTFSI and 1PMAPC1 + 1LiTFSI +
1AN samples as a function of temperature. Indeed, ionic
conductivities are systematically higher for the 1PMAPCI +
ILiTFSI + 1AN sample. Ionic conductivities in the 107> S
cm™ range have been measured at 100 °C with high
reproducibility for the 1PMAPC1 + 1LiTESI + 1AN sample
although the boiling point of AN is 82 °C. This suggests that
AN molecules are somewhat captured in the sample.

As stated in Section 1, the choice of a phosphate-containing
polymer in the SPEs investigated here was motivated by the
fire-retardant properties of phosphorus-containing compounds,
which can be highly beneficial for LMBs. To assess the fire-
retardant properties of our electrolytes, we compared them
with a classical PEO-based electrolyte with a similar chemical
composition.'” Figure 3 shows the flammability test for the
reference 1PEO + 2LiTFSI + 1AN electrolyte compared with
the IPMAPCI1 + 2LiTFSI + 1AN electrolyte prepared in this
work. As shown in Figure 3, the conventional PEO-based
electrolyte caught fire immediately on ignition and the
combustion continued even after the flame was removed,
indicating its poor fire-resistance. In contrast, the PMAPCI-
based electrolyte did not catch fire after removal from the fire
torch, and thus exhibits good fire retardancy. The correspond-
ing videos of these flammability tests are available in the
Supporting Information section. The flammability tests
comparing pure PEO and pure PMAPCI polymers are
shown in Figure S6a,b while the comparison between 1PEO
+ 2LiTFSI and 1PMAPCI + 2LiTFSI electrolytes is depicted
in Figure S6c,d. These additional flammability tests confirm
the fire-retardant properties of PMAPCI1-containing samples.

4.2. Optimization of the PMAPC1 + LiTFSI + AN
Electrolyte Composition. On the basis of these results, we
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Figure 4. (a) XRD patterns of PMAPC1 and xPMAPCL1 + yLiTFSI + 1AN. (b) DSC curves of xPMAPC1 + yLiTFSI + 1AN. (c) Arrhenius plots of
the ionic conductivity for xPMAPC1 + yLiTFSI + 1AN. (d) TGA curves of PMAPC1 and 1PMAPCI1 + xLiTFSI + 1AN.

decided to focus on PMAPC1 + LiTFSI + AN samples that
present a higher ionic conductivity and are thus more
promising for application in LMBs. This system has been
further optimized by varying the MAPC1/LiTFSI ratio (from
an MAPC1/LiTFSI mol/mol ratio of 8:1—1:8) and keeping
the AN molar ratio to LiTESI at 1. XRD data show
homogeneous samples with no LiTFSI crystalline domains
until the extreme MAPC1/Li* molar ratio of 1:8 (Figure 4a).
The T, of the PMAPCI + LiTFSI + AN samples decreases
with the amount of the added LiTFSI salt and reaches a
minimum for an MAPCI1/LiTESI mol/mol ratio of 1:2
(Figures 4b and S7), in agreement with results previously
reported by others.*>*” At higher LiTFSI loading, the T, starts
to increase because the high salt concentration results in the
increase of polymer segment—salt interactions that are not
counterbalanced by ion-hopping events and the overall
mobility decreases.””>" Moreover, the intensity of the T,
signal (estimated as the difference between the baseline level
before and after Tg) in the DSC curve increases with the
amount of LiTFSI and is an indication of the increase of
amorphous phase dynamics.***”*" The ionic conductivity
measurements by EIS are shown in Figure 4c and confirm the
hypothesis that the motion of ions is directly related to the T,
of the SPE since the highest ionic conductivities are measured
for the lowest T, 1IPMAPC1 + 2LiTESI + 1AN sample,
whatever the temperature and reach a value of 1.6 X 107> S
cm™" at 100 °C.

To gain a deeper insight into the polymer dynamics as a
function of salt loading and the comparison with the DSC and
EIS measurements discussed here, rheological measurements
have been performed in the temperature range from 20 to 60
°C on the IPMAPCI + xLiTESI + 1AN electrolytes with the x
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molar ratio equal to 1, 2, and 4 (lower molar ratios of LiTFSI
have not been measured since they lead to too low ionic
conductivities for practical application and the sample with x =
8 is heterogeneous, see Figure 4a, and brittle). The frequency
sweeps measured for these samples (Figure S8) show that the
storage modulus of each sample decreases with increasing
temperature, as a result of the higher mobility of polymer chain
segments and the dynamic hopping of ions between polymer
chains, as discussed earlier. Interestingly, the 1PMAPC1 +
2LITFSI + 1AN electrolyte displays the lowest storage
modulus and conversely the fastest dynamics. This is
completely in agreement with the T, and the ionic
conductivity measurements depicted in Figure 4b,c. Finally,
the thermal stability of the PMAPCI1 + LiTFSI + AN has been
determined by thermogravimetric analysis (TGA, Figure 4d).
The thermal stability of PMAPC1 + LiTFSI + AN samples is
much higher than that of the PMAPC1 homopolymer. The
interaction between polymer segments and the LiTFSI salt are
thought to be at the origin of this thermal stabilization.
Moreover, specific interactions between LiTFSI and AN also
play an important role. Indeed, a slight weight loss that can be
attributed to the release of AN molecules is delayed at 130 and
180 °C for the IPMAPCI1 + 2LiTESI + 1AN and 1PMAPCI +
4LiTFSI + 1AN samples, respectively (Figure 4d).

4.3. Understanding lonic Conduction in PMAPC1 +
LiTFSI + AN Electrolytes on the Basis of Interactions
between the Components. To understand the transport
properties, theoretical calculations on model systems for the
SPEs have been performed. The ionic conductivity was
calculated for IPMAPC1 + 1LiTESI + 1AN, 1PMAPCI1 +
2LiTESI + 1AN, and 1PMAPC1 + 4LiTFSI + 1AN samples
and the main mechanism through which the ionic conductivity
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Figure S. Structure and component distribution of (a) 1PMAPC1 + 1LiTESI + 1AN, (b) 1IPMAPCI + 2LiTFSI + 1AN, and (c) IPMAPCI +
4LiTFSI + 1AN. The AN molecules are shown in green, the PMAPC1 matrix in blue, Li* cations in yellow, and the TFSI™ anions in red.

occurs, either vehicular, or hopping, or with a mixed vehicular/
hopping character, has been identified. For each SPE, the
density and the diffusion coeflicients were calculated for AN
and both Li* and TFSI™ ions separately. We find that AN in
the SPE has a diffusion coefficient of 2—3 orders of magnitude
lower than in the pure AN liquid (compare the data in Tables
S1 and S2), which suggests that the AN molecules are
entrapped in the SPEs due to the high amount of LiTFSIL
Consistently, the diffusion of AN is further reduced on
increasing the amount of LiTESI in the electrolyte. Indeed, the
diffusion of the ions also drops considerably in 1IPMAPCI1 +
4LiTFSI + 1AN.

For each SPE model, the ionic conductivity was calculated at
room temperature (Table S3): the trend for the different SPEs
is in good qualitative agreement with the experimental one
(the discrepancies in the absolute values obtained from the
calculations are a well-known issue, due to the description of
the polarization effects by the force field).”> The modeling
indeed shows that 1PMAPC1 + 1LiTFSI + 1AN and
1PMAPC1 + 2LiTFSI + 1AN are the SPEs with higher
conductivity, with the latter being the most conductive. The
degree of uncorrelated ion mobility, a, allows getting a better
insight into the mechanism responsible for the ionic
conductivity (Table S4). While in 1PMAPC1 + 1LiTFSI +
1AN SPE the ionic transport clearly occurs with a hopping
mechanism, in the other two electrolytes the ionic transport
occurs in a mixed vehicular/hopping regime, although with the
hopping character still dominant.

To further confirm the hypothesis that AN molecules are
entrapped in the electrolytes, we have investigated the
composition of the coordination shell for the nitrogen atom
of the acetonitrile, Ny, in the models for the three SPEs. In
particular, we determined how many N,y, Li" cations, and
TFESI™ anions an N,y atom interacts with in its coordination
shell. The results are summarized in Table S5. By increasing
the amount of LiTFSI in the SPEs, each N,y atom interacts,
on average, with more Li* and TFSI”, while the number of
interactions with other Ny decreases. In all electrolytes, the
number of Nyy—N,y contacts is much smaller than in the pure
solvent, which indicates that the AN molecules are
homogeneously dispersed in the LiTFSI environment rather
than forming a separate AN phase, as shown by the snapshots
in Figure 5 extracted at the end of the MD simulations.

Altogether, these theoretical data suggest that AN is able to
form a stable coordinated species with LiTFSL

To get more information about interactions among
PMAPCI1, LiTFSI, and AN, Fourier-transform infrared
(FTIR) spectra were recorded on PMAPC1 + LiTFSI + AN
with various LiTFSI loadings (Figure 6a). In a first step, we
focused on the aliphatic nitrile C=N stretching band that is
expected to appear at 2258 cm™’ in free AN molecules and to
shift to 2278—2282 cm™" when Li* ions are coordinated to AN
molecules.”** Figure 6b shows no peak for free AN molecules
but only a peak at ca. 2280 cm™' corresponding to AN
coordinated to Li" ions. Furthermore, this characteristic peak
shifts to higher wavenumbers with increasing salt concen-
trations, suggesting a more stable coordination structure as
more Li" ions are present. This confirms the theoretical
findings of favorable interactions between AN and LiTFSI, as
the N,y atoms interact with an ever-increasing number of Li*
cations when increasing the amount of LiTFSI present in the
electrolyte (Table S4). Figure 6c sheds light on the area
between 730 and 750 cm™!, which is characteristic of S—N,
N-S-0, F—C-S, and C—F bonds in TFSI™ anions.’*>"*
According to the literature, the position of these peaks can be
directly related to the structure of the LiTESI ion pairs.””>**
In this respect, the peak at 739 cm™ arises from free TFSI™
anions (solvent-separated ion pairs), the peak at 744 cm™" is
characteristic of contact ion pairs (CIPs, one TFSI™ anion
associated with one single Li* cation), and the peak at 748
cm™ is the signature of aggregates (AGGs, one TFSI™ anion
coordinating to two or more Li* cations), respectively.w"g?"54
From the spectra shown in Figure Sc, we can deduce that free
TESI™ anions disappear at the expense of CIPs and AGGs
upon increasing the amount of LiTFSI in the PMAPC1 +
LiTESI + AN electrolytes. The composition of the
coordination shell for the Li* cations obtained from the
models (Table S5) also shows that by increasing the amount of
LiTFSI present in the electrolyte, each Li* interacts with more
than one nitrogen of the TESI™ anions, i.e., with more than one
anion, thus confirming the absence of free TFSI™ anions in the
system and the tendency of the salt to form small clusters. On
average, each Li" cation sees in its coordination shell a number
of N,y atoms comprised between 0.75 and 0.29, thus
suggesting that AN molecules could be entrapped in these
AGGs, explaining the thermal stability of the PMAPCI +
LiTFSI + AN electrolytes.
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Figure 6. FTIR spectra of IPMAPC1 + xLiTFSI + 1AN electrolyte (x = 1, 2, and 4) in (a) 650—3250 cm™, (b) 2240—2310 cm™' (C=N
stretching mode of AN molecules), (c) 720—760 cm™" (S—N stretching, C—S stretching, and CF, bending mode of TFSI™), (d) 2880—3030 cm™"
(intramolecular interactions between C=0 and C—H), (e) 1640—1770 cm™" (C=0 stretching mode of MAPC1 units), and (f) 1210—1310 cm™*

(P=0 stretching mode of MAPCI units).

Finally, FTIR spectra can be used to gain information about
the interaction of PMAPCI1 with Li* ions. In Figure 6d, the
peak at approximately 2960 cm™' observed for pure PMAPC1
can be attributed to dipolar interactions between C=O
(-CO—-0-CH,—) and CH, groups (—CO—O—-CH,—) on
two neighboring side chains of PMAPC1.>> The intensity of
this band decreases and shifts from 2960 to 2970 cm™" when
the LiTFSI concentration increases. This indicates that the
intramolecular interactions between neighboring ester groups
of PMAPCI chains are canceled by the addition of LiTFSI,
which confers higher mobility to PMAPC1 side chains.**%*°
In Figure Ge, the band at 1735 cm™! can be assigned to the
stretching vibration mode of the C=O on the side chains of
PMAPCI. Since intramolecular interactions between C=0O
and CH, groups are suppressed upon addition of LiTFSI, the
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carbonyl groups can easily coordinate with Li" ions. The
intensity of this peak decreases with increasing salt
concentration, evidencing carbonyl—Li" interactions.”® Finally,
the P==0 stretch in PMAPCI corresponds to the broad band
observed in the 1244—1262 cm™" range, as shown in Figure 6f.
This band immediately disappears when LiTFSI is added, in
favor of a new band at 1232 cm™}, indicating interactions
between LiTFSI and P=0 groups.””>® From the composition
analysis of the coordination shells of Li* cations (Table S5), we
find that these cations tend to interact with oxygen atoms of
both C=0 and P=0 groups, the latter being predominant.
In view of these results, we propose the following hypothesis
to explain ionic conduction in PMAPC1 + LiTFSI + AN
electrolytes. The LiTFSI salt tends to form amorphous AGGs
homogeneously entrapping AN molecules (according to Figure
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Figure 7. (a) Linear sweep voltammograms for blank IPMAPC1 + 1LiTFSI + 1AN, 1PMAPCI + 2LiTFSI + 1AN, and 1PMAPCI + 4LiTFSI +
1AN samples at 60 °C with a scan rate of 1 mV s™. (b) Polarization curve, initial (in black) and steady state (in red) impedance diagram (inset) for
the IPMAPC1 + 2LiTFSI + 1AN electrolyte at 60 °C. (c) Galvanostatic cycling curves of the LillPMAPC1 + 2LiTFSI + 1ANILi symmetric cell at

a current density of 0.1 mA cm™> at 60 °C.

4a, no crystallization is observed in AGGs until very high
loading in LiTFSI is reached). AGGs can be easily exchanged
intra- and intermolecularly between PMAPC1 chain segments
contributing to the vehicular mechanism evidenced by MD
simulations.

Free Li* and TFSI™ ions are in equilibrium with those mixed
AGGs, and Li* ions first interact with the P—O bond of the
phosphonate groups of PMAPCI1 and then with the C=0 of
the ester groups of PMAPC1 at the expense of dipolar
interactions among PMAPCI side chains. These free Li* ions
likely contribute to the hopping mechanism observed in MD
simulations and are ultimately responsible of the ionic
conduction in the PMAPC1 + LiTFSI + AN electrolytes.

4.4, Electrochemical Properties of PMAPC1 + LiTFSI +
AN Electrolytes. The electrochemical stability window of
PMAPCI + LiTESI + AN electrolytes was evaluated by linear
sweep voltammetry (LSV) in a stainless steellSPEILi cell with a
potential range from 0 to 6.0 V. As shown in Figure 7a, the
1PMAPC1 + xLiTESI + 1AN electrolyte displays an
electrochemical stability window up to 4.7 V, no obvious
oxidation peak or apparent anodic current being observed
below 4.7 V. This broad electrochemical window makes our
SPEs suitable for batteries with high-voltage cathodes.

The lithium-ion transference number (¢,*), defined as the
ratio of the electric current derived from the cations to the
total electric current,” is another crucial factor to characterize
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the electrolyte performance. Figure 7b shows the time-
dependent response of a LillPMAPCI1 + 2LiTFSI + 1ANILi
symmetric cell at 60 °C with an applied DC bias of 50 mV,
while the EIS performed in the initial state and steady state are
depicted in the inset. The #;;* for the IPMAPCI1 + 2LiTFSI +
1AN electrolyte has been calculated to be 0.4 at 60 °C using
Evans et al’s equation.’” This transference number exceeds
that of linear PEO electrolytes, which is typically reported to
be around 0.2.%

Galvanostatic cycling experiments have then been used to
analyze the interface stability between our electrolytes and Li-
metal electrodes. These experiments have been performed on
Li symmetric cells repeatedly charged and discharged for 1 h
with a constant current density of 0.1 mA cm™ at 60 °C.
Constant stable negative and positive voltage plateaus have
been observed for the LillPMAPC1 + 2LiTFSI + 1ANILi cell
reflecting a stable interface formed on the Li metal during
plating/stripping over time (Figure 7c). The LillPMAPC1 +
1LITESI + 1ANILi cell shows a sudden increase in potentials
after 150 h, and then stabilizes at 0.2 V after 300 h, which
could be attributed to unstable interfacial reactions of AN with
the Li metal (Figure S9a). The LillPMAPC1 + 4LiTFSI +
1ANILi cell exhibits fluctuations after 200 h of cycling, which
are ascribed to the decomposition of LiTFSI and continuous
formation of the SEI layer resulting in an increase in
impedance and polarization (Figure S9b). These results
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Figure 9. (a) SEM images of the lithium anode before and (b) after 100 cycles charge and discharge of the LiFePO,/1IPMAPCI + 2LiTFSI + 1ANI

Li cell at a 0.05 C rate.

further confirm that the 1PMAPCI1 + 2LiTESI + 1AN
electrolyte is the best candidate to be tested in a battery
prototype.

4.5. Testing PMAPC1 + LiTFSI + AN Electrolytes in a
Battery Prototype. The 1PMAPC1 + 2LiTFSI + 1AN
electrolyte was assembled with a LiFePO, cathode and a Li-
metal anode to demonstrate its applicability in a solid-state
LMB. Details about the assembly process leading to LiFePO,|
1PMAPC1 + 2LiTFSI + 1ANILi cells are provided in Figure
S10. Figure 8a shows the initial charge—discharge voltage
curves of the LiFePO,JIPMAPC1 + 2LiTFSI + 1ANILi cell at
various rates from 0.01 to 2 C in the 3.0—3.8 V voltage range at
60 °C. The cell exhibits discharge capacities of ~147.2, 140.1,
132.5, 125.6, 114.8,97.5, and 70.7 mAh g~" at different rates of
0.01, 0.05, 0.1, 0.2, 0.5, 1, and 2 C, respectively. Figure 8b
shows typical charge—discharge voltage profiles at 0.2 C with
the two initials, the 10th, the 20th, the 40th, the 60th, the 80th,
and the 100th cycles in a 3.0—3.8 V voltage range at 60 °C,
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demonstrating that the polarization effect is weak at low
cycling rates. During the cycling, an initial specific capacity of
140.1 mAh g™ and a capacity retention as high as 96.4% after
100 cycles are measured, demonstrating the interesting
electrochemical performance of the LiFePO,1PMAPCI +
2LiTFSI + 1ANILi battery. In Figure 8¢, stable potential curves
are achieved at 1 C despite a large polarization effect, and the
capacity retention reaches 91.4% after 500 cycles. The cycling
performances at various current rates from 0.01 to 2 C at 60
°C are presented in Figure 8d. When the current is restored to
0.05 C after several cycles at higher rates, the discharge
capacities are recovered to 139 mAh g™, reaching 99.3% of the
initial discharge capacity at 0.05 C. Finally, Figure 8e shows the
discharge capacity and Coulombic efficiency versus cycle
number at 1 C. The initial discharge capacity of the cell is 97.5
mAh ¢! and its Coulombic efficiency is 99.8%. There is no
significant decay of the discharge capacity after 500 cycles, and
the reversible capacity is maintained at 89.1 mAh ¢! with a

https://doi.org/10.1021/acsami.1c11058
ACS Appl. Mater. Interfaces 2021, 13, 44844—44859


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11058/suppl_file/am1c11058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11058/suppl_file/am1c11058_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11058?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11058?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11058?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11058?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11058?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11058?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11058?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11058?fig=fig9&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c11058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials

& Interfaces

www.acsami.org

Research Article

(@

(b)

survey
! after
Fls
O1s
s Cis )
g N $25 28 Pp2p
£
z
=
&
=
i o\ before
800 600 400 200 0
Binding energy (eV)
()
Fl1s
CF,
3
)
£
@»
=
e
=
-
692 690 688 686 684 682
Binding energy (eV)
(e)
P2py;.1 DS: double splitting
3
X2
£
Z
=
2
=
138 136 134 132 130

Binding energy (eV)

100
H ::‘fc‘:_" discharge and charge
. 80+
g
2
= 60
=
3
<9
E
< 40+
£
=
E
204
0-
Cls Fl1s Lils NIs Ols P2p S2p
Element
Cl1s

Intensity (a.u.)

296 294 292 290 288 286 284 282 280
Binding energy (eV)

®

8235412 DS: double splitting

Intensity (a.u.)

174 172 170 168 166 164

Binding energy (eV)

Figure 10. (a) Wide-scan XPS spectrum of the lithium-metal anode before and after 100 cycles of charge and discharge of the LiFePO,I1IPMAPC1
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Coulombic efficiency of 99%, corresponding to a capacity
retention of 91.4%. Figure S1la shows long cycling perform-
ances at various current rates from 0.01 to 1 C at 60 °C. Figure
Sllb—e shows the discharge capacity and Coulombic
efficiency for 100 cycles at 0.05, 0.1, 0.2, and 0.5 C,
respectively, and confirms the excellent results obtained for
the LiFePO,1PMAPC1 + 2LiTFSI + 1ANILi cell.

The excellent cycling stability of the LiFePO,I1PMAPC1 +
2LiTESI + 1ANILi cell is mainly attributed to the formation of
a stable interface between the electrolyte and the anode. This
will be confirmed in the next section.

4.6. Postmortem Analysis of the Battery Prototype
and the Study of the Electrolyte/Anode Interface. To
understand the outstanding cycling stability of the LiFePO,l
1PMAPC1 + 2LiTESI + 1ANILi cell, a postmortem analysis of
the disassembled cell after 100 cycles was conducted. In a first
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step, scanning electron microscopy (SEM) analysis of the
disassembled Li-metal anode has been realized to visualize
whether Li dendrites have formed. Figure 9 shows a uniform
porous film formed by micrometer particles at the surface of
the Li anode but no Li dendrites. This film originates from the
decomposition of the IPMAPC1 + 2LiTFESI + 1AN electrolyte
in contact with the Li-metal, resulting in a stable solid-
electrolyte interphase (SEI). Obviously, the SEI formed in our
SPEs can effectively suppress the growth of lithium dendrites,®'
and its ionic conductivity®” is sufficient to allow the excellent
electrochemical performances measured in the previous
section. It has been reported that fluorinated SEIs are
particularly stable and can enhance the safety of Li-metal
batteries by regulating Li deposition.”*** Moreover, LiTESI is
known to decompose during cycling to form a fluorinated
SEL** with a high LiF content.”> This ultimately leads to
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dendrite-free, superior cycling performance and higher
efficiency batteries.*®

To assess the formation of a LiF-rich SEI in the LiFePO,l
1PMAPC1 + 2LiTFSI + 1ANILi cell, X-ray photoelectron
spectroscopy (XPS) was performed on the SEI formed on the
Li-metal anode before and after 100 cycles of charge—
discharge. The C 1s peak at 284.8 eV was used as a reference
to calibrate the binding energy. All of the peaks were assigned
based on previous reports.’”®”*® Before the charge—discharge
test (IPMAPC1 + 2LiTFSI + 1AN electrolyte touched with
the lithium foil for 24 h, and removed), the major surface
elements were C and O from the atmosphere, which reacted
with lithium. A quite low amount of the F element should
originate from the residual LiTFSI in the electrolyte. This
indicates that the remaining electrolyte components on the
surface of lithium are negligible. After 100 cycles of charge and
discharge, the results indicate that a SEI film containing mainly
C, F, and O and small amounts of P, S, and N is formed on the
surface of the lithium metal (Figure 10a,b). The F 1s spectrum
(Figure 10c) shows the presence of two components. The peak
observed at low binding energy (685.0—685.2 eV) is typical of
LiF.”” The peak at higher binding energy can be assigned to a
CF; peak. Both species should arise from the decomposition of
TEFSI™ anions on the Li-metal anode. The analysis of the C 1s
region (Figure 10d) reveals four peaks attributed to C—C, C—
O, C=O0, and CF;. These species originate from the
decomposition of PMAPCI1, TFSI", and AN. The character-
istic double-split peak in the P 2p spectrum (P 2p;, and P
2p,,,) arises from the decomposition of PMAPC1 (Figure
10e). In the S 2p spectrum (Figure 10f), the presence of spin—
orbit split doublets (S 2p;/, and S 2p,/,) is characteristic of
—S0O,— and SO,, which are decomposition products of TESI™
anions. In the N 1s and O 1s spectra (Figure S12), the
overlapping of peaks hinders the identification of the accurate
chemical states. Since N atoms originate from AN and TFSI~,
the low intensity of the N signal is consistent with a limited
degradation of AN molecules at the Li-metal anode. To sum
up, the XPS measurements confirm the formation of a LiF-rich
SEI that is highly beneficial to the electrochemical perform-
ances of our LiFePO,1PMAPC1 + 2LiTFSI + 1ANILi cells.
These results are also consistent with a limited degradation of
AN in contact with the Li metal.

5. CONCLUSIONS

In this contribution, we have demonstrated that plasticized or
quasi-solid polymer electrolytes based on a phosphorus-
containing polymer PMAPC], a high content of LiTFSI, and
small amount of AN are characterized by flame-retardant
properties, can form self-standing and flexible membranes, can
suppress Li dendrite growth, and enhance the interface stability
by forming a LiF-rich layer at the SPE/anode interface.
Moreover, these SPEs exhibit acceptable ionic conductivity up
to 1.6 X 107° S ecm™! at 100 °C, a wide electrochemical
window above 4.7 V versus Li*/Li, and a good lithium-ion
transference number of 0.4 at 60 °C. For practical applications,
LiFePO,/IPMAPC1 + LiTFSI + ANILi batteries are assembled
as LMB prototypes and exhibit a high discharge specific
capacity around 100 mAh g™' for 500 cycles at 60 °C, with a
rate capability up to 1 C.

A combined theoretical and experimental approach has been
used to get insight into the conduction mechanism operating
in our SPEs. Both approaches point toward the formation of
mixed aggregates of LiTFSI and AN that play a crucial role at
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several levels. First, they protect AN against reaction with
lithium at the anode side. Second, these mixed aggregates
plasticize the polymer matrix, simultaneously increasing the
overall mobility and the ionic conductivity. These LITFSI-AN
aggregates are believed to be responsible not only for the
mixed vehicular conduction mechanism as determined from
the modeling data but can also act as reservoirs for free Li" and
TFSI™ ions that can be reversibly released from them and
could be responsible for the hopping mechanism. Finally, the
formation of these dynamic mixed amorphous aggregates can
also explain why such high loading of LITESI can be achieved
in our SPEs without phase separation from the polymer matrix.

Although their ionic conductivity values are still modest, the
plasticized or quasi-solid high salt-content polymer electrolytes
investigated in this study display excellent mechanical, fire-
retardant, and cycling properties, as well as an important
electrochemical stability, making our approach worth further
investigation with other fire-retardant polymers added with
other types of plasticizers.
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