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Abstract

Poly(ethylene glycol) (PEG), despite being the most

studied polymer electrolyte, suffers from serious OY()7<£()
drawbacks, which require fundamental studies behind ()}<::

its underperformance in lithium batteries. Here, we \n>< j,’\ 41\/0%

report the effect of the terminal group on triarm PEG o Ll 2 =0 "”b’” 0
stars bearing either hydroxyl (TPEG-OH) or carbonate- o H

ketone (TPEG-Carb-ket) terminal groups. The latter is synthesized by a ring-opening reaction triggered
by the -OH end group of TPEG-OH and results in a carbonate-ketone functionality. Indeed, the
modified chain end is found to act as a sacrificial group by focusing the reactivity of the chain on the
terminal group, protecting the rest of the TPEG molecule, which significantly reduces interfacial
degradation and achieves a broader electrochemical stability window of up to 4.47 V, high Coulombic
efficiency, and capacity retention. It furthermore demonstrates a stable interface with lithium metal
after more than 1200 h of stripping and plating. When those electrolytes are investigated in reference
cells based on LiFePO4 cathodes and Li anodes, the change in discharge capacity is observed from 118.7
to 113.8 and 108.9 to 5.03 mAh g *for TPEG-Carb-ket and TPEG-OH electrolytes, respectively, from the
1st to 100th cycle. The experimental results are further supported by density functional theory
calculations and ab initio molecular dynamics simulations.

Introduction

Batteries have become a vital part of our daily life due to their small-scale to large-scale device
applications with rechargeable lithium-ion batteries (LIBs) as a front-runner for two to three decades,
catering the energy storage needs due to their higher energy density than conventional batteries.
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Nevertheless, at present, the energy and power densities of LIBs are insufficient to meet the future
demand for electric vehicles and hence require more innovation. This suggests the replacement of
graphite- and silicon-based anodes with the lithium metal anode due to its higher theoretical capacity
(3860 mAh g) and lighter weight. (1,2) However, lithium metal batteries (LMBs) with liquid
electrolytes pose several drawbacks, of which safety is of the greatest concern. Most of these
conventional electrolytes are volatile solvents, flammable, and thermally unstable and do not offer
facile recyclability and postutilization. Furthermore, their packaging holds a serious risk of electrolyte
leakage, draining, and internal heating, leading to loss of assets and life. (3-5) In this context, replacing
the liquid electrolyte-soaked separator with a mechanically stable solid membrane is believed to
prevent lithium dendrite growth and contribute to higher energy density (~250 WhK g™). (6,7) This is
why a pragmatic shift toward solid-state electrolytes (SSEs) has given hope for safe batteries as
opposed to conventional liquid electrolyte-based batteries. Among SSEs, solid polymer electrolytes
(SPEs) have emerged as interesting candidates. One of the first reports of SPEs has been credited to
Armand for his discovery of poly(ethylene glycol) (PEG) as a lithium ion conductor. (8) Following this
seminal work, various classes of polymers, graft- and copolymers, networks, blends, gels, and hybrid
materials based on PEG have been investigated. (9-12) Moreover, designing an electrolyte with good
ionic conductivity, wide electrochemical stability window (ESW), high transference number, and high
dielectric constant, and an interface compatible with superior mechanical and thermal properties
remains a key challenge at present. (3,13-15) Although the discovery of PEG as the polymer electrolyte
(PE) was a breakthrough, this material suffers from trade-offs, such as semicrystallinity (at RT) along
with low oxidative potential and high reactivity with lithium metal. (16) In the last two decades,
cathode materials, such as LiNixMn,Co1-x,0. (NMC), have been commercialized, and this, in turn,
demands more thermally and mechanically stable electrolytes with a wide ESW of greater than 4.3 V.
(17)

In addition to the ionic conductivity, interface design is also an important aspect of gel or solid-state
batteries for limiting dendrite growth and parasitic reactions for a beneficial solid electrolyte
interphase (SEI). Various methodologies have been adopted, such as catholytes incorporating PEs, the
inclusion of film-forming additives, thin-layer polymer/inorganic surface coatings, etc. (18-24)
Referring to some reports, Goodenough and co-workers (25) modified the anode—anode/cathode
interface with poly(ethylene oxide)/poly(N-methyl-malonic amide) and observed an ESW greater than
4.25 V. Most importantly, it is essential to understand the reactions of the polymer at the interfaces
and predict the beneficial decomposition of electrolytes for stable interfaces. Nowak and co-workers
(26) highlighted various decomposition products of ethylene carbonates and unveiled the pathway of
their decomposition. Sun and co-workers (27) and Wang and co-workers (28) showed how the terminal
functional group within PEG derivatives affects the reactivity of the electrolyte and proves to be
beneficial in engineering a stable interface with the lithium anode in addition to the ESW widening to
4.3 V for a higher energy density. While the ether units in PEG contribute to the transport of lithium
ions due to the ion hopping between the oxygen atoms, (29) it is not very clearly understood which
role the hydroxyl end group plays in terms of its reactivity with lithium metal. In those previous studies,
it was demonstrated that replacing the hydroxyl end groups of PEG with ether/epoxy groups can
hinder the side reactions with lithium metal in addition to stabilizing the interface. (27,28) Introducing
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suitable chemical moieties at the chain end of PEG-based SPEs therefore seems to be a valuable
strategy for the formation of stable SEls in LMBs.

The fact that carbonate functional groups are widely used in current liquid electrolytes motivated
researchers to introduce carbonate groups in SPEs. As typical examples, Tominaga and co-workers (30)
combined carbonate and ether units in a copolymer, which was obtained by copolymerization of
ethylene oxide with CO,. One of our previous works involved electrolytes based on cyclic carbonate
trifluoromethacrylate bearing vinylidene fluoride units (31) and random copolymers of n-butyl acrylate
and cyclic-carbonate-bearing acrylate. (32) Carbonates are well-known to react with metal lithium to
form a complex SEl, but, in the case of carbonate-based SPEs, this reaction is limited at the interface
with the lithium anode and allows the formation of a stable SEl and of an extended ESW compared to
poly(ether)-based SPEs. (31-34) However, the ionic conductivity in those carbonate-based SPEs is
lower than in poly(ether) systems, limiting their use in LMBs. (31-34)

Here, we propose to combine the best of both worlds by modifying the chain ends of poly(ether)-based
SPEs by carbonate groups. As a polymer, we have selected a commercially available low molar mass
triarm PEG (TPEG-OH) because this polymer contains three terminal reactive hydroxyl groups, is a
viscous liquid under ambient conditions, and is prone to show a high ionic conductivity at RT when
loaded with lithium salt. In the second step, we will modify the hydroxyl end groups of TPEG-OH via a
facile ring-opening reaction with a cyclic carbonate at RT (refer to Experimental Section and Scheme
1). This will allow the formation of carbonate-ketone end-functionalized TPEG (TPEG-Carb-ket), whose
behavior will be systematically compared to that of TPEG-OH-based SPEs. A comparative detailed study
on the electrochemical properties of both polymers will be performed, including conductivity,
voltammetry, and battery prototypes with LiFePO4 cathodes. The experiments will be supported by
density functional theory (DFT) calculations to compare the reactivity of Carb-ket to —OH. Ab initio
molecular dynamics (AIMD) simulations of the electrode—electrolyte interfaces will also be realized. In
the quest of achieving longer lifetime and higher energy density batteries, those kinds of studies can
be groundbreaking, with interfacial chemistry guiding the design of sustainable and additive-free all-
solid-state LMBs.

Scheme 1. Synthesis of Triarm Poly(ethylene glycol) Carbonate Ketone (TPEG-Carb-ket) with 3D Structures of the
Corresponding Molecules
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Experimental Section

Materials and Methods. Poly(ethylene glycol) trimethylolpropane ether (TPEG-OH) (Mw ~ 450 g/mol),
1,8-diazabicyclo (5.4.0) undec-7-ene (DBU) (98%), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
lithium iron phosphate (LiFePO4/LFP), poly(vinylidene fluoride) (PVDF), and Super P were purchased
from Sigma-Aldrich. N-methyl-2-pyrrolidone (NMP) was purchased from Alfa Aesar. 4,4-Dimethyl-1,3-
dioxolan-2-one (DDO) was synthesized by carboxylative coupling of CO, with 2-methyl-3-butyn-2-ol
using a Cul/tetrabutylammonium phenolate dual catalyst, following a previously reported protocol.
(35) Deuterated chloroform (CDCls) used for NMR spectroscopy was purchased from Eurisotop.
Cellulose fiber paper was purchased from TOB. All reactants and catalysts were used as received,
without any further purification.

Characterization Techniques. Nuclear Magnetic Resonance. Nuclear magnetic resonance (NMR)
spectroscopy was conducted using a Bruker 300 UltraShield spectrometer. The monomers and
polymers were dissolved in CDCls.

Fourier-Transform Infrared Spectra Measurements. Fourier-transform infrared (FTIR) spectra
measurements were carried out on a PerkinElmer spectrometer, equipped with a diamond attenuated
transmission reflectance device. Eight scans were recorded for each sample over the range of 4000-
500 cm™ with a normal resolution of 4 cm™ and spectra were analyzed with Spectra quanta software.

Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) was conducted using a
Mettler Toledo DSC1 instrument, equipped with STARe software. Samples were placed in a 40 uL
sealed aluminum pan. The temperature profile was swept from -70 to 100 °C at a heating rate of 10
°C min~t under a nitrogen atmosphere.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA) was conducted using a Mettler Toledo
thermogravimetric analyzer. Samples were placed in an 85 L alumina crucible under a constant argon
flow with a heating rate of 5 K min™%, and the initial and final temperatures were set at 25 and 600 °C,
respectively.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) was performed using an SSI
X-Probe (SSX 100/206) photoelectron spectrometer from Surface Science Instruments, equipped with
a monochromated Al Ka (200 W) X-ray source. The batteries were disassembled, and samples were
mounted on an XPS sample holder in a glovebox prior to transferring to the XPS vacuum chamber in
the flux of an argon atmosphere. All binding energies were calculated relative to the C— (C, H)
component of the C 1s peak fixed at 284.8 eV. Data analysis was carried out by using CasaXPS software.
For the survey scan, a 1.0 eV step size was used, and a 0.1 eV step size was used for high-resolution
scans for all elements with 150 energy steps.

Electrochemical Analysis. Electrochemical analysis of potentiostatic electrochemical impedance
spectroscopy (PEIS), linear sweep voltammetry (LSV), chronoamperometry (CA), and galvanostatic
cycling potential limitation was carried out on Biologic BCS-COM and VMP3 multichannel potentiostats
using CR2032 coin cells.

Potentiostatic Electrochemical Impedance Spectroscopy. The ionic conductivity of TPEG analogue PEs
SS) with a Teflon (PTFE) ring in

was determined by PEIS using symmetric stainless steel (SS) (SS| PExe
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Swagelok cells over the frequency range of 7 MHz-50 mHz, with an applied single sinusoidal A.C.
excitation voltage of 10 mV. The temperature dependence measurements were carried out from 20 to
100 °C by gradually increasing the temperature at a rate of 0.33 °C min™ . One hour was allowed to
pass between each measurement to reach an equilibrium state.

Linear Sweep Voltammetry. Measurements were performed at various temperatures on asymmetric
CR2032 coin cells as (Li| PExx% | Al) and (Li| PExs | SS|) over the potential range of 0—6 V (vs Li/Li*) at a scan
rate of 1 mV s at 30 °C.

Transference Number. Transference number (ti:) measurements were carried out on symmetric

lithium metal cells (Li|PExx|Li) fabricated over various membranes by following the Bruce—Vincent
method. CA with a DC voltage of 10 mV was performed, followed by PEIS measurements in the
frequency range of 7 MHz-50 mHz, using an AC excitation voltage of 10 mV at 30 °C. PEIS

measurements were recorded before and after the steady state (before and after polarization).

Stripping and Plating. The symmetric cell Li| PEx«s | Li was fabricated for stripping and plating analysis.
The cells were charged and discharged for 1 h each for multiple cycles with a current density of 1 pA
cm™ and cutoff voltages of +4 V and -4 V at room temperature using a BioLogic BCS-COM multichannel
potentiostat.

Galvanostatic Cycling Potential Limitation. Galvanostatic charge—discharge cycling and rate capability

measurements for the Li| PEx, | LFP cells were tested with a Biologic BCS-COM cycler. The slurry for the
cathodes was prepared from LiFePQ,4, Super P, PVDF, and NMP via grinding using a mortar pestle and
cast on Al-foil/carbon with a doctor-blade technique. The coated slurry was dried in an air oven for
more than 6 h at 60 °C prior to vacuum drying at 120 °C for more than 24 h. The cathode compositions
were maintained to a weight ratio of 7:2:1 for LFP (70 wt %), Super P (20 wt %), and PVDF (10 wt %)
slurry, respectively. The cathode and anode were cut into a diameter of 14 mm for electrolyte films

with a diameter of 16 mm for the cell assembly.

Synthesis. Synthesis of Three-Arm Poly(ethylene glycol) Carbonate Ketone. TPEG-Carb-ket was
synthesized by the reaction of DDO (3.05 eq., 2.60 g, 0.02 mol) with TPEG-OH (M., = 450 g/mol, 1 eq.,
3 g, 0.0066 mol) using 10 mL of dry CH,Cl,. The reaction, catalyzed by DBU (5 mol % vs TPEG-OH, v =
50 pL), was performed for 24 h at 25 °C. After the reaction, the TPEG-Carb-ket product was collected
by simple removal of the solvent and DDO residues by high vacuum for 24 h. These optimized reaction
conditions ensured the fast and complete ring opening of the DDO-disubstituted cyclic carbonate by
the hydroxyl groups of TPEG. The reaction resulted in the change of color from transparent to light
brownish with an increase in viscosity.

Preparation of Electrolytes (SEs). All the electrolytes were prepared by mixing TPEG analogues with a
given amount of LiTFSI (0-50 wt %). The obtained viscous solutions were coated on a cellulose
separator for coin cell fabrication. The separator support was used in the preparation of electrolytes
to provide the self-standing ability to the films without the need for cross-linking and to control the
thickness of the PEs. Coin 2032-type cells were assembled using free-standing PE films (50-150 pum)
sandwiched between SS|Li, Li|Al, Li|Li, and Li|LFP electrodes to evaluate their electrochemical
performance.
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Theoretical Calculations. Quantum chemical calculations were performed with the Gaussian 16
Revision A.03 program (36) using the DFT B3LYP functional, Grimme's dispersion (D3BJ), and ultrafine
integration. (37,38) Structure optimization was performed for the molecular structures shown in
Figure S9 with the 6-31+G(d) basis set, and a frequency calculation was performed to verify the
absence of imaginary frequencies. Single-point energy calculations were performed with the 6-
311+G(d,p) basis set. From the obtained structures, HOMO and LUMO energy levels were obtained.
AIMD simulations were performed using the Vienna Ab initio Simulation Package (VASP) (vasp.5.4.4)
(39) using the projector augmented wave (PAW) method (40) and the Perdew—Burke—Ernzerhof
generalized gradient approximation as the exchange—correlation functional. (41) The plane-wave
cutoff was set to 550 eV, and a Gaussian smearing with a width of 0.1 eV was used. A 2 x 2 x 1
Monkhorst and Pack k-point mesh was used to sample the Brillouin zone and the zero damping DFT-
D3 method of Grimme was used to account for van der Waals corrections. (42) All simulations were
run for 5000 fs using the Verlet integration algorithm. The temperature was set to 400 K and the
velocities were rescaled every 4 steps. The electronic self-consistency convergence condition was set
to 1075 eV. The VESTA software package was used to visualize molecular structures. (43) Bader charge
analysis was performed using the Bader package. (44)

Results and Discussion

Synthesis of Solid Polymer Electrolytes. The organocatalyzed ring opening of DDO by primary alcohol
is facile at room temperature, delivering a ketone-carbonate (Carb-ket) group. (45,46) It was exploited
for converting the hydroxyl groups of TPEG-OH (in the presence of DBU as the catalyst) into carbene-
ket, as shown in Scheme 1. The transformation of the TPEG into TPEG-Carb-ket was evidenced by H
NMR spectroscopy. Figure S1 reveals the appearance of the characteristic methyl protons of the acetyl
chain ends at 2.16 ppm and of the methylene adjacent to the carbonate linkage at 4.26 ppm. The yield
of functionalization, estimated to be 97%, was determined from the *H NMR spectrum by comparison
of the relative intensities of the methyl signals of the acetyl chain ends with the methyl group of the
TPEG initiator at 0.83 ppm. We also noted the presence of residual DDO with peaks on very low
intensities at 4.75 and 4.30 ppm assigned to the exocyclic vinylene moiety and at 1.64 ppm relative to
the methyl groups. The other proton signals in TPEG-Carb-ket were identical to the TPEG-OH skeleton.
TPEG-OH and TPEG-Carb-ket were then mixed with various amounts of LiTFSI in order to obtain SPE
membranes (see Experimental Section for details). In the following formulations, the wt% of added
LiTFSl is indicated as a subscript for either TPEG-OH or TPEG-Carb-ket samples. The electrolyte samples
were then analyzed by FTIR spectroscopy. For TPEG-Carb-ket, the ring opening of DDO was confirmed
by FTIR (Figure 1a) with the presence of bands corresponding to the C=0 stretching at 1740 cm™
originating from the linear cyclic carbonate and at 1722 cm™ from the ketone group and the absence
of O-H stretching at 3430 cm™. The sharp yet less intense band at 1826 cm™ can be attributed to
unreacted cyclic carbonate from excess DDO supported by the weak band at 1687 cm™ that could be
attributed to C=C stretching of DDO. (33) The broadening in the asymmetric C-0 stretching band from
carbonyl associated with TPEG-Carb-ket can be observed in the range of 1270-1295 cm™. Other
characteristic peaks corresponding to LiTFSI were recorded at 1181 cm™ for SO, asymmetric stretching
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and at 739-750 cm™ for S—-N-S symmetric stretching. The solvation of LiTFSI could be confirmed by
the O,-Li* breathing mode around 827 cm™ for all of the TPEG analogues as generally observed for
short PEG chain-based SPEs (Figure 1b). (47-50)

Figure 1. (a) IR spectra of TPEG-OH and TPEG-Carb-ket, respectively, with and without LiTFSI (subset indicates the wt% of salt
in the polymer); (b) ATIR in the region of 900-700 cm™ as of panel (a); (c) DSC thermograms of TPEG-OH and TPEG-Carb-ket
without LITFSI (0%); and (d) DSC exocurve of TPEG-Carb-ketys with variable LiTFSI concentrations.
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Thermal Properties of Solid Polymer Electrolytes. DSC was performed on TPEG analogues to
investigate the effect of the modified chain ends on the glass-transition temperature (7g). In the
exothermic and endothermic curves for TPEG-OH and TPEG-Carb-ket (Figure 1c), the T; was observed
at-43.6 °Cfor TPEG-Carb-ket and -61.1 °C for TPEG-OH. Both polymers did not show crystallinity which
was neither expected given their low molecular weight and viscous liquid-like nature. The effect of salt
concentration on T, was analyzed for 0-50 wt % LiTFSI dissolved in TPEG-Carb-ket (Figure 1d). The DSC
curves indicate that the Tg increased from -43.6 to -=17.15 °C for 0-20% LiTFSI due to the ion—polymer
interactions. (51) At higher concentrations, not all the lithium salts coordinate with oxygen, and the
excess salt leads to the formation of aggregates acting as plasticizers and resulting in a lower T, (Table
1). (34) The TGA of TPEG-Carb-ket and TPEG-OH with and without LiTFSI has been performed and is
depicted in Figure S2.

Table 1. Activation Energy and Pre-exponential Factor as Calculated from the Slope of VFT Plots with TGA (T;) Temperature
Stability

TPEG-Carb-ket-LiTESI ~ T,(°C) T, (°C) R E,(k] mol™")

0% 115.11 —43.57
10% —21.80 0.999 2.0
20% 108.76 -17.15 0.996 39

30% —28.20 0.993 2.5
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Conductivity. PEIS was performed in order to determine the ionic conductivity of the LiTFSI-loaded
TPEG-OH and TPEG-Carb-ket samples (see Experimental Section). The resulting Nyquist plots have
been analyzed to measure the conductivity at different temperatures. The Nyquist plots (Figure 2a)
show PEIS of TPEG-OH and TPEG-Carb-ket with and without LiTFSI (refer to Figure S3a,b for other PEIS
studies). For pure polymer samples without LiTFSI, a conductivity of 2.6 x 1077 S cm™ was measured
for TPEG-Carb-ket, while a value of 6.7 x 108 S cm™ was observed for TPEG-OH. Although this method
makes it difficult to completely discriminate between the ionic and electronic conductivity of the
polymer, we assume that the measured conductivities without LiTFSI can be attributed to the
electronic conductivity. The conductivity of the electrolytes formed by TPEG-OH and TPEG-Carb-ket
added with various amounts of LiTFSI (10—20 wt %) was then investigated as a function of temperature,
as depicted in Figures 2b and S3c, using the Arrhenius conductivity model. As expected, conductivity
values increased with temperature as a result of the increased chain segment motion. The conductivity
of TPEG-Carb-ket loaded with LiTFSI was always slightly lower than that of TPEG-OH-LITFSI electrolytes,
and the difference was more noticeable at room temperature (Figure 2b). To sum up, it was found that
despite an identical number of ether groups in the TPEG-OH and TPEG-Carb-ket samples, the ionic
conductivity was decreased in TPEG-Carb-ket, emphasizing the detrimental effect of carbonate-ketone
groups at the chain end on the T; of the electrolyte and hence on its conductivity.

Figure 2. (a) Nyquist plot of TPEG analogues as a result of PEIS at 30 °C with and without LiTFSI; (b) temperature-dependent

ionic conductivity for triarm TPEG analogue PEs with reinforced LiTFSI (10-20 wt %); (c) temperature-dependent ionic
conductivity using the VFT model; and (d) LSV comparison of the TPEG analogues with 20% LiTFSI at RT.
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In order to elucidate the influence of the polymer segments in the context of the Vogel-Fulcher—
Tammann (VFT) behavior, the VFT Equation 1 was used to fit the conductivity data with respect to the
glass transition of TPEG-Carb-ket in the 20-80 °C temperature range:

STV? = pg~B/H(T-T) (1)

where A is the pre-exponential factor, T is the absolute temperature, To is the Vogel scaling
temperature at which the free volume disappears or at which free entropy becomes zero, To is
approximated as T; — 50 K, E, is the pseudoactivation energy of ion transport, and k; is the Boltzmann
constant. (52-54) Given the low chain length and viscous nature of the polymer, chain-segment motion
cannot be neglected. The linear fitted VFT conductivity plot clearly supports the phenomena above T,
of the polymer (Figure 2c). Therefore, we inferred that the ionic conductivity was obtained as a result
of Li-ion hopping coupled to segmental motion in the TPEG-Carb-ket group. The activation energy as
calculated from the VFT plot was calculated along with the pre-exponential factor and R? as the
corresponding fitting coefficient and has been depicted in Table 1.

Linear Sweep Voltammetry. LSV was performed for TPEG-OH and TPEG-Carb-ket to investigate the
redox behavior in cathodic and anodic regions (Figure 2d). The oxidation limit of TPEG-Carb-ket was
noted to be ~4.5 V in contrast to ~3.9 V for TPEG-OH. We did not observe any Al corrosion or
electrolyte degradation for TPEG-Carb-ket. A higher cutoff current density and an oxidation peak
clearly indicated the faradaic reaction in the case of TPEG-OH, in agreement with the behavior usually
observed for PEG-based electrolytes. It thus seems that the terminal ketone-carbonated end groups in
the TPEG-Carb-ket sample have a beneficial effect on the electrochemical stability. The LSV
measurements with variable LiTFSI concentrations with Li| |SS electrodes were also performed and
analyzed, as mentioned in the Supporting Information (Figure S3d). Electrolytes with a higher oxidation
potential such as TPEG-Carb-ket make them interesting candidates for high-voltage cathode batteries.
(55,56)

Aging Study and Stripping—Plating. A dendrite-free stable interface with lithium metal is a key
challenge for the practical application of LMBs. Prior to stripping and plating, we performed the aging
study by PEIS for the Li—Li cells at the open-circuit potential (OCP). (57,58) In Figure 3a,b, the Nyquist
plots for TPEG-OH0% and TPEG-Carb-ket 204 show the evolution of the resistance from day 0 to day 5.
The bulk electrolyte resistances for TPEG-OHj0% and TPEG-Carb-ketzox were 3.03 and 10.22 kQ on day
0, respectively. Then, both cells were heated at 40 °C for stabilization of the interface prior to
impedance measurements. A drastic increase in the bulk resistance can be observed for TPEG-OHaoy
over time, while a much less steep increase was observed for TPEG-Carb-ket, as observed in Table 2.
The decomposed electrolyte species at the OCP are responsible for this increase in bulk resistance,
resulting in the formation of an SEl at the lithium surface. Figure S4b shows that Reec increases
drastically at the OCP for TPEG-OHa0% even without heating. Similar results are obtained for cells with
copper and lithium as the anode and cathode, respectively, as shown in Figure S4a. Those results
clearly indicate that the TPEG-OH,% sample is much more prone to decomposition than the TPEG-
Carb-ket sample when it is brought in contact with lithium.
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Table 2. Electrolytic (Ry) and Interfacial Resistance (Rin) as a Result of Aging in Li Symmetric Cells (R is Given in kOhm/kQ)

at OCP
TPEG-OH TPEG-Carb-ket
day R, R, R, R,
Oth 3.03 14.30 10.22 13.38
1st 83.73 233.36 12.61 18.14
2nd 124.59 246.01 15.10 22.37
Sth 203.88 314.83 18.51 27.30

Figure 3. (a) Aging studies: PEIS with time at the open-circuit potential (OCP); (b) PEIS before and after stripping—plating; (c)
galvanostatic charge—discharge voltage profile for stripping—plating at RT of both the Li| TPEG-OHyo% | Li cell and the Li| TPEG-
Carb-ket,ox% | Li cell (magnified plot in the inset).
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In order to get further insight into those results, DFT calculations were performed on single-chain
TPEG-OH and TPEG-Carb-ket terminal regions (structures shown in Figure S9). For the TPEG-Carb-ket
sample, the HOMO and LUMO orbitals were found to be localized on the Carb-ket ending.
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This contrasts with TPEG-OH, where in particular, the HOMO is spread out over the entire chain. This
indicates that, in TPEG-Carb-ket, the reactivity is concentrated in the terminal group, which acts as a
protection to the further inward chain, as opposed to TPEG-OH. Furthermore, even though the HOMO
energies are similar, the LUMO energy is more negative (-0.03337 eV) for TPEG-Carb-ket, indicating
that TPEG-Carb-ket can be reduced more easily, as shown in Figure 4. Those findings on the orbital
locations and energies, combined with the experimental findings, suggest that the Carb-ket terminal
group acts as a sacrificial group by focusing the reactivity of the chain on the terminal group and further
protecting the bulk chain. This higher reactivity obviously results in a more stable SEl layer formation
and is confirmed by the lower impedance observed experimentally.

Figure 4. HOMO and LUMO orbital structures with accompanying energies and HOMO-LUMO energy differences: (a) -OH
terminal group molecule and (b) —~Carb—ket terminal group molecule.
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Time-dependent galvanostatic charge—discharge was then performed to shed light on the reversible
stripping/plating of lithium in symmetric Li—Li cells. The experiments were performed for both TPEG-
OHao% and TPEG-Carb-ket,o% samples for 2250 and 22000 h, as demonstrated in Figure 3c. The lower
current density of 1 pA cm™ was selected in order to allow overpotential monitoring in both polymers
at RT. Both cells were heated to 40 °C in order to equilibrate the interfaces prior to charge—discharge
measurements. As it can be seen in Figure 3c for TPEH-OH,0%, the net overpotential gradually builds
up in subsequent cycles from =190 to 2350 mV in the span of ~150 cycles. This could indicate that the
SEl is not stabilized at the interface despite lower current density. Even after conditioning the cell at
rest for >46 h after ~100 cycles, slow decomposition of electrolytes still occurred, resulting in an
unstable SEI for TPEG-OH.o%. While in the case of TPEG-Carb-ket,ox, the stripping—plating is observed
to be far more efficient than that in the case of TPEG-OHaox.

Despite the slight lower ionic conductivity than TPEG-OH.o%, TPEG-Carb-ketyo% recorded a lower
overpotential of 270 mV during initial cycles and was observed to remain constant or slightly decreased
after 1000 cycles, as shown in Figure 3c. After conditioning the cells at rest for 24 and 56 h after ~150
cycles and 400 cycles, respectively, no significant change in overpotential was observed in sharp
contrast to TPEG-OHyo%. Finally, we investigated the conductivity as a result of SEl formation and
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decomposition of electrolytes by PEIS after those long charge—discharge cycles. Clearly, the interfacial
resistance is 10 times higher for TPEG-OHagy than for TPEG-Carb-ket,o%. Obviously, the modified chain
end in TPEG-Carb-ket,o% leads to the formation of a stable SEl and the superior transport of Li* ions.

Lithium Metal Battery Prototypes. LMBs were fabricated by using lithium metal anodes and lithium
ferrophosphate (LiFePO4/LFP) cathodes for galvanostatic charge—discharge measurements. Room
temperature cycling for TPEG-OHy% and TPEG-Carb-ketyo% supported on a cellulose separator was
performed in ambient conditions. In the voltage profile (Figure 5a) of Li| TPEG-OH2ox% | LFP at a rate of
0.05C and RT, the polarization increased drastically from the 1st cycle to the 100th cycle while no
significant change was noted in the case of Li| TPEG-Carb-keto% | LFP except a slight shift in oxidation
voltage. For the TPEG-Carb-ketao%-based cell, the discharge capacity of 118.7,118.3, and 113.8 mAh g~
1 was achieved for the 1st, 50th, and 100th cycle, respectively, whereas, for the TPEG-OH,ox based cell,
the discharge capacity of 108.9 mAh g™ from the first cycle was drastically reduced to 13.8 and 5.03
mAh g for the 50th and 100th cycle, respectively.

Figure 5. (a) Galvanostatic charge—discharge voltage profile for the 1st, 50th, and 100th cycle at 0.05C and RT; (b) capacity
retention plot with cycle number 0.05C at RT for Li|TPEG-carb-ketox|LFP and Li|TPEG-OHaox|LFP, respectively; (c)

galvanostatic charge—discharge voltage profile at different C-rates; and (d) rate capability plot with different C-rates for
Li| TPEG-carb-ketyoe | LFP.
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The parasitic reaction of TPEG-OHao% with lithium metal is speculated to form unstable decomposed
species offering higher resistance and polarization contrary to stable SEl in TPEG-Carb-ket. With the
sacrificial effect of the terminal group in TPEG-Carb-ket as derived from the computational results, the
lithium-ion conductivity is higher due to the more efficient and stable SEI layer formation.

The capacity retention for the Li| TPEG-Carb-ket,o% | LFP cell was calculated to be 95.8% while it only
reached 4.6% for the Li| TPEG-OHyoy | LFP cell (Figure 5b) after 100 cycles. Further, the Li| TPEG-Carb-
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ketaos | LFP delivered the capacity of 130.4, 87.9, and 59.4 mAh g™ at 0.05C, 0.1C, and 0.2C rates,
respectively. Higher polarization resulted in lower capacity at higher current density (Figure 5c¢,d). The
poor performance of the TPEG-OH-based cells was also supported by the impedance measurements
shown in Figure 6, with a clear indication of high bulk resistance in the former compared to the TPEG-
Carb-ket-based cells. A comparison of cell performance for TPEG-OH and TPEG-carb-ket at 0.1C is
detailed in the Supporting Information (Figure S6a). Again, those results confirm the superior
performance of TPEG-Carb-ket-based cells. Furthermore, the specific capacity was further improved
by increasing the concentration of charge carriers in the electrolyte with lower polarization. The
voltage profile shown in Figure S7 for Li| TPEG-OHsox|LFP and Li| TPEG-Carb-ketsoy | LFP cells shows
higher capacity achieved at 0.1C. The capacity retention was also improved to 98.8% due to the

improved conduction and transport properties.

LFP

Figure 6. Nyquist plot before and after cycling of Li|TPEG-OHyo|LFP and Li| TPEG-Carb-ketaos
(magnified scale in the inset).
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Postcycling XPS Analysis of Electrode Interfaces. The XPS analysis of the Li anode and TPEG-Carb-
ket,o% electrolyte surface for Li-Li cells was performed to probe their interfacial composition after
stripping and plating for 22000 h. The C 1s peak at 284.8 eV was used as a reference to calibrate the
binding energy. (59) The major C and O elements could not be ignored from the XPS chamber or
atmosphere and hence can also correspond to adventitious carbon. The survey spectra detected the
expected elements like C, O, Li, F, N, and S originating from the SEl layer, as shown in Figure 7a, with
abundance ratio % of elements in Figure 7b. The C 1s spectra in all samples (excluding the adventitious
carbon) can be attributed to C—C/C—H, C-O/N, and C=0 with the binding energies of ~284.8, 286.3,
and 287.8 eV, respectively. Other O-(C=0)-/0-(C=0)-0 functional species have been detected at 289.1
and 289.8 eV, respectively, with speculated overlapping from inorganic carbonate (COs™?) as well, in
the case of the Li metal surface and TPEG-Carb-ket on cellulose membrane (with a shift of 0.7 eV) (as
shown in Figure 8a,d). (60) The bar chart corresponding to these species is plotted in Figure 7c,
evidencing a higher amount of decomposed carbon species on the TPEG-Carb-ket surface than on the

Li metal surface.
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Figure 7. (a) Survey spectrum of the Li anode and TPEG-Carb-ket after cycling for more than 2000 h; (b) abundance ratio
percentage of elements; and (c) bar chart showing the carbon functional species on Li and electrolyte surface constituting

the SEI.
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Figure 8. HR-XPS of (a,d) carbon (C 1s), (b,e) fluorine (F 1s), and (c,f) sulfur (S 2p) for decomposition at the lithium anode and

TPEG-Carb-ket surface.
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As a result of hundreds of cycles, interfaces were expected to contain a significant LiF amount, which

was well witnessed from F 1s spectra in Figure 8b,e. In the case of the Li metal surface, the fluorine
signals are constituted of 9.4% LiF and 3.7% —CF,, while both fluorine species were also detected on
TPEG-Carb-ket membranes with 2.2% —CF significantly higher than 0.8% LiF. The formation of LiF is a
key parameter for a stable SEl and limited dendrite growth. (61-63) As far as the S 2p signals are
concerned, the S 2p spectra in Figure 8c,f show the expected characteristic peaks of sulfone (-SO3)
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from LiTFSI at 169.6 and 170.7 eV. Additional XPS data (O 1s, Li 1s, and N 1s spectra, Figure S8 and
Table S1) are discussed in the Supporting Information section, and the results are in line with the above
discussion.

In order to gain more insight into those decomposition reactions at the interface between electrodes
and solid electrolytes, AIMD simulations were performed on pure LFP cathode and Li metal anode
surfaces (Figures S10 and S11). Those simulations confirmed a very strong attraction between the
terminal groups of the TPEG-Carb-ketao% and TPEG-OHa0% polymers and the electrode surface. On LFP,
the oxygen and hydrogen atoms in the —~OH terminal group of TPEG-OHao% were found to coordinate
significantly with the LFP surface with lithium and oxygen atoms, respectively. This could lead to a
deprotonation reaction over time, which releases protons into the LFP electrode and can cause
capacity fading. On Li metal, the decomposition of the —Carb—ket ending into carbonate was observed
within 5 ps, indicating that this reaction is highly spontaneous and that further decomposition into
inorganic carbonate is highly likely (Figure 9a). The following hypothesis was investigated by
performing XPS on the surface of the LFP cathode and Li anode after cycling for more than 100+ cycles
for both TPEG-carb-ket- and TPEG-OH-based cells, respectively, in comparison to the uncycled
electrolyte surface at RT.

Figure 9. (a) Scheme depicting the decomposition of carbonate upon interaction with lithium. (b) Bar chart showing the

carbon functional species on LFP and the Li electrode surface recorded from cycled disassembled cells with TPEG-Carb-ket
and TPEG-OH.
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The bar chart depicted in Figure 9b confirms the significant formation of carbonate/ester species in
the case of TPEG-Carb-ket, which is also recorded in Li-LFP cycled cells, as highlighted in HR-XPS (Figure
10). Bader charge population analysis (Figure S12) indicated a more negative charge for oxygen atoms
in the terminal groups on lithium, in particular for the —Carb—ket ending, which further confirms the
higher reactivity toward the Li metal surface compared to the ~OH ending. The same hypothesis was
confirmed as we observed the formation of inorganic carbonate and additional carbide (Cx around
282.7 eV) at the surface of the uncycled electrolyte and cycled electrode with TPEG-Carb-Ket in
comparison to TPEG-OH. This analysis presents a qualitative identification of all carbonate species with
complexity in precise binding energy due to an overlapped spectrum. We speculate that those XPS
investigations also support the cleavage of the carbonate into -O-(C=0)/C=0 as a result of the
reaction of Li along with the presence of stabilizing LIF species in the SEl at the Li metal surface (Figures
8 and 10). (64)
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Figure 10. HR-XPS of carbon (a) uncycled TPEG-Carb-ket electrolyte; TPEG-Carb-ket led cycled (b) LFP cathode and (c) Li anode;
(d) uncycled TPEG-OH electrolyte; TPEG-OH led cycled (e) LFP cathode and (f) Li anode.
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Conclusions

In this study, we have highlighted the fundamental effect of the chain end functionality of a PEG-based
PE for LMBs. We demonstrated in a combined experimental-computational approach that a
carbonate-ketone terminal group acts in a sacrificial way by focusing the chain reactivity on itself and
reacting more easily with the electrode surfaces due to its higher reactivity. This in turn leads to a
stable SEl and allows for an efficient conductivity of lithium ions. The modified TPEG-Carb-ket not only
offers a widened ESW (>4.48 V) but also provides better stable interfacial properties with lithium metal
and LFP electrodes. The stripping and plating experiments, in addition to the aging study, by PEIS
uncovered the crucial effect of the chain end modification for the stable SEIl. The carbonate-ketone
end-chain electrolyte offered a far more superior specific discharge capacity of ~118 mAh g with
excellent Coulombic efficiency and a capacity retention of >90% for more than 100 cycles. These
outstanding performances were supported by DFT calculations and AIMD simulations and further
confirmed by postmortem studies of the electrolyte and electrodes by XPS. Organic carbonates have
always been of interest due to their excellent coordination for electrolytes, and this report has
contributed to elucidating their potential in tuning interfacial compatibility via facile end-chain
chemistry. This work provides an interesting proof-of-concept and opens up direction toward the
engineering of stable interfaces of PEs with organic carbonates for higher energy density and longer

cycling LMBs.
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