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ABSTRACT

Single-ion conducting polyelectrolytes (SICPs) with mobile Li cation have recently
gathered significant attention as an “ideal” electrolyte for safe solid-state rechargeable
lithium batteries, because they eliminate salt concentration gradients and concentration
overpotentials, allowing transference number (t.i+) values close to unity. In this work, a
series of single ion conducting block copolymers, namely [(LiM)n-r-(PEGM)m]-b-
(PhEtM)« (A-b-B), is synthesized via reversible addition-fragmentation chain transfer
(RAFT) copolymerization of 1-[3-(methacryloyloxy)propylsulfonyl]-
(trifluoromethanesulfonyl)imide (LiM), poly(ethylene glycol)methyl ether methacrylate
(PEGM) and 2-phenylethyl methacrylate (PhEtM) with controlled PEGM:LiM ratio,
molecular weights (M,=25.8 + 85.9 kDa) and narrow polydispersity (Mw/Mp=1.12 +
1.21). The bulk ionic conductivity, solid-state morphology and thermal properties of
block copolymers are studied as a function of their composition. Block copolymers
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having molecular weights in the range of 46 + 63 kDa and any ratio of PEGM:LiIM (from
3:1to 7:1) tend to evolve in quasi-hexagonally-packed cylinders, while copolymers with
higher molecular weights (M, > 74 kDa) and the ratio of PEGM:LiM = 5:1 and Ma/Mg
< 2.0 show lamellar phase separation. The lamellar long-range ordering in poly[(LiM17-
r-PEGMgg)-b-PhEtM131] and poly[(LiMz17-r-PEGMegs)-b-PhEtM1e4] results not only in the
improved viscoelastic (mechanical) performance compared to parent copolymer
poly[LiMi7-r-PEGMss] (complex viscosity = 2.5x10® mPa s and 8.7x10* mPa s at 25 'C,
respectively), but also in the demonstration of sufficiently high ionic conductivity despite
the decrease in Li* amount (c = 3.8x107 and 4.1x107 S/cm at 25 °C, correspondingly).
The selected poly[(LiM17-r-PEGMgg)-b-PhEtM131] further shows high tpi+ (0.96 at 70°C)
and wide electrochemical stability (4.4 V vs. Li*/Li at 70°C), which results in reversible
and stable cycling at high specific capacities (up to 150 and 118 mAh g* at C/20 and C/5
rates, respectively) when assembled in lab-scale truly-solid-state Li metal cells with
Li/copolymer/LiFePO4 configuration.

Keywords: single-ion conductor, poly(ionic liquid), polyelectrolyte, ionic conductivity,

Li battery

1. Introduction

The global growth in the production of portable digital devices, drones and electric
vehicles demands the development of low-cost, high-performance and reliable batteries
with improved cycle life [1-5]. Lithium-ion batteries (LiBs) are the key commercial
technology due to the high energy density, lightweight, fast charge/discharge, and long
lifetime. However, the performance of standard LiBs with non-aqueous liquid electrolytes
cannot satisfy the practical requirement of next-generation, high-demanding applications,
due to the relatively high reactivity and intrinsic instability of liquid electrolytes
especially at the electrode/electrolyte interface [6—8]. Moreover, the application of Li
metal as anode material results in additional safety problems, that include uncontrolled
growth of dendrites, relatively infinite volume expansion and an unfavorable solid
electrolyte interphase (SEI) formation caused by the high reactivity of lithium metal [9].

Finally, any significant temperature (overheating during high power use) or voltage



(overcharge) variations lead to the battery instability, namely to gas evolution,
depressurization of the battery case, catching fire, etc. [9].

The need for safe and reliable Li batteries inspires the research on innovative
electrolyte materials. Solid polymer electrolytes (SPESs), representing solid solutions of
alkali metal salts in polymers, were proposed for batteries in 1973 because they combine
the advantages of solid-state electrochemistry with the ease of processing inherent to
plastic materials [10]. SPEs offer high thermal stability, non-volatility, high
electrochemical stability and prevent the risk of electrolyte leaks outside the battery case
[11]. Notwithstanding all of the advantages, SPEs suffer from the joint mobility of both
cations and anions, thus creating concentration gradients (polarization) and dendrite
growth at the surface of metal Li anode [12]. The alternative approach to salt-in-polymer
SPEs is to incorporate covalently bonded lithium salt moieties into the main polymer
chain. Such polymers, being constructed of a main polymer chain with fixed anionic
functional groups and lithium ions as the mobile counterpart, are termed single-ion Li-
conducting polymers (SICPs) [13,14]. A number of SICPs representing various linear and
crosslinked systems, random and block copolymers and having different attached anions
were published in recent years [13-37]. However, the majority of them failed to show
significant superiority over SPEs until the introduction of highly delocalized anions
attributable to ionic liquids [13,38]. Later, a novel class of SICPs, namely anionic
poly(ionic liquid)s with Li counterions, demonstrated the following advantages over
conventional dual-ion conducting SPEs: enhanced chemical/electrochemical stabilities,
absence of concentration gradients and unity Li transference numbers [39].

In general, the ideal SICP for a solid-state battery should have the ionic conductivity
of a liquid (>10"° S/cm at 25°C), the mechanical properties of a solid, and the formability
of a commodity thermoplastic [40]. However, the reciprocal association between high
bulk ionic conductivity and low T4 has limited the simultaneous realization of high
toughness, flexibility and electrochemical performance in a single-component linear
SICP [41]. One of the approaches to overcome this problem was firstly demonstrated by
Elabd and Winey et al. [42-46] and consisted in the synthesis of cationic block
copolymers, where the partial incompatibility between ionic and neutral blocks resulted
in a microphase-separated morphology. Block copolymers based on methyl methacrylate

and 1-[(2-methacryloyloxy)ethyl]-3-butylimidazolium bis(trifluoromethanesulfonyl)



imide showed two orders of magnitude higher ionic conductivity than random
copolymers having similar composition [42]. Moreover, at comparable polyelectrolyte
composition, the poly[(styrene)-b-(1-((2-acryloyloxy)ethyl)-3-butylimidazolium
bis(trifluoromethanesulfonyl)imide)] block copolymer with strong microphase separation
exhibited ~1.5-2 orders of magnitude higher ionic conductivity than poly[(MMA)-b-(1-
[(2-methacryloyloxy)ethyl]-3-butylimidazolium  bis(trifluoromethanesulfonyl)imide)]
block copolymer with weak microphase separation [43]. Such effect was explained by
the existence of a correlation between the morphology of block copolymers and their
ionic conductivity. As a result of strong microphase segregation, the nanoscale domains
were formed, thus playing the role of ion-conducting channels with elevated
concentration of mobile ions and enhanced conductivity [43]. In addition, the orientation
of conducting microdomains and the interaction between polymer backbone and ionic
moiety of charged block were significantly affecting the ionic conductivity. The
efficiency of charge transport in cationic polyionic liquids (PILs) was increasing with the
transition from hexagonally packed cylinders (1-D conducting pathway), lamellae (2-D
conducting pathway) to 3-D network structures (continuous conducting microdomain)
[43]. Later, Bailey et al. [47] studied the phase behavior of block copolymers obtained by
ring-opening metathesis polymerization (ROMP) from norbornene monomers, namely
neutral bicyclo[2.2.1]hept-5-ene-2-carboxylic acid dodecyl ester and ionic 3-
bicyclo[2.2.1]hept-5-en-2-ylmethyl-1-hexyl-3H-imidazolium  bis(trifluoromethanesul-
fonyl)imide. The obtained cationic block architectures produced each of the classic
equilibrium morphologies including lamellae, hexagonally packed cylinders, and spheres
on a body-centered cubic lattice [47]. It is important to mention that all samples
demonstrated excellent preservation of structural order over a wide range of temperatures,
which is extremely important for the future application of such functional materials.

In spite of the set of publications dedicated to the phase separation in cationic block
copolymers, only a few reports examined the relationship between morphological
behavior and ion transport in anionic SICPs with lithium counter ion [25,28,48-51]. All
reported block copolymers had different architectures (A-B diblock [48-50], B-A-B
triblock [25,51], C-AB-C triblock copolymers [28] (Scheme 1)), but they were mainly
synthesized from one ionic monomer, namely from lithium 4-styrene

sulphonyl(trifluoromethanesulphonyl) imide (LiSTFSI). Balsara and coworkers [48,49]



synthesized poly[(ethylene oxide)-b-(LiSTFSI)] (A-B) diblock copolymers, where the
molecular weight of the PEO block was fixed at 5000 g/mol, while the M, of LiSTFSI
block was varied from 2000 to 7500 g/mol. (Scheme 1, 1). At temperatures below melting
of the PEO block (Tm<50°C), the copolymers with molecular weights of LiSTFSI block
< 4000 g/mol exhibited lamellar microphase separation with crystalline PEO-rich
microphases and ionic clusters in the glassy LiSTFSI-rich microphases. As Li ions were
trapped in such clusters, the ionic conductivity was very low (10°-10® S/cmat 25°C). An
increase in temperature above 60°C led to a transition from an ordered structure to a
homogeneous disordered morphology, where the Li ions were released from the clusters,
which correspondingly increased the ionic conductivity by five orders of magnitude (up
to 10*+10 S/cm at 60°C). Similar temperature dependence of ionic conductivity was
observed in poly[(LiSTFSI)-b-(ethylene oxide)-b-(LiSTFSI)] (B-A-B) triblock
copolymers developed by Bouchet and Armand et al. (Scheme 1, 2) [25,51]. The
significant increase of conductivity was detected with the transition from lamellar
microphase separation to the disordered morphology at temperatures above the melting
point of PEO block (T>55°C). In contrast, Long and co-workers used a different strategy
forming triblock copolymers (C-AB-C), where the central block was not composed solely
by poly(LiSTFSI), but rather by random copolymerization of LiSTFSI with di(ethylene
glycol) methyl ether methacrylate (Scheme 1, 4) [28]. Such an approach featured a
microphase-separated morphology and a combination of excellent mechanical properties
and high ion transport. It was shown that when the ion density in the central block was
increased in 2.7 times, the ion conductivity increased almost 3 orders of magnitude (up
to 1.3x10° S/cm at 25°C). The authors explained this effective ion transfer not only by
an increase in the number of lithium cations, but also by a substantial improvement in
microphase segregation (lamellar period - 24.2 nm) and channel connectivity [28]. These
results can be explained as follows: the mechanism of Li ion transfer in PEO derived
materials is based on hopping of the Li between oxygen atoms in oxy ethylene units.
When PEO chains are “frozen” and separated from LISTFSI block in lamellar
morphology, the Li ions are trapped and cannot move. Thus, polymers 1, 2 and 3 (Scheme
1) do not benefit from the phase separation, and ionic conductivity starts to increase only
when block copolymers become a disordered system. However, when in triblock

copolymer the LiSTFSI is copolymerized randomly in the middle block with a monomer



having short and flexible side PEO chains (Scheme 1, 4), such system still allows for Li
hopping, while also profiting an improved mechanical performance from lamellar

microphase separation.
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Scheme 1. An overview of the anionic single ion conducting block copolymers reported

in literature (1 to 5, including references to the related articles).

Recently, we reported the preparation of anionic single-ion conducting block
copolymers via a combination of the ring opening polymerization (ROP) of trimethylene
carbonate (TMC) monomer and subsequent RAFT copolymerization of lithium 1-[3-
(methacryloyloxy)propylsulfonyl]-1-(trifluoromethylsulfonyl)imide and poly(ethylene
glycol) methyl ether methacrylate (PEGM) [52]. The obtained poly[TMCp-b-(LiMm-r-
PEGM)k] block copolymers (Scheme 1, 5) evolved in a quasi-hexagonally-packed
cylinders morphology and demonstrated improved viscoelastic properties, along with an
outstanding stability vs. anodic oxidation (exceeding 4.8 V vs. Li*/Li at 70°C) in
comparison with parent poly[LiMmn-r-PEGMx]. Moreover, while it was possible to gain
the control over the molecular weight of [LiMm-r-PEGMk] block and the LiM:PEGM
ratio, the molar mass of TMC block was fixed to 20000 g/mol due to the limitations of
the ROP method. However, the ionic conductivity of poly[TMCn-b-(LiMm-r-PEGM)K]
was still two times lower than that of poly[LiMm-r-PEGM] .

The objective of this work is to successfully demonstrate the synthesis of a set of
novel A-B block copolymers with single Li-ion conducting features, where A block

represents a random copolymer of LiM and PEGM, while B block consists of poly(2-



phenylethyl methacrylate) (poly(PhEtM), Scheme 2) and to investigate the impact of
microphase segregation on ionic conductivity and mechanical properties of the resultant
polyelectrolytes. Moreover, as poly[(LiMn-r-PEGMm)-b-PhEtMy] block copolymers
were prepared solely by RAFT method, this allowed the manage not only the LiM:PEGM
ratio, but also the molecular weights of both blocks, thus gaining the control over the
microphase separation as well. The best block copolymers, namely poly[(LiM7-r-
PEGMgs)-b-PhEtM131] and poly[(LiM17-r-PEGMgs)-b-PhEtM1e4], afforded lamellar
microphase separation and demonstrated significantly improved viscoelastic properties
(3 to 5 orders of magnitude increase in storage moduli, at both 25 and 70°C) at similar
level of ionic conductivity in comparison with random poly[LiM17-r-PEGMgg]. Finally,
poly[(LiM17-r-PEGMgs)-b-PhEtM131] having high lithium-ion transference number and
high oxidative stability, was used for the assembly of lab-scale Li-metal cell prototypes,
which showed reversible cycling near theoretical capacity, thus demonstrating the
promising prospects of the new single-ion conductors for the development of truly solid-

state lithium polymer batteries.
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Scheme 2. Poly[(LiMn-r-PEGMnm)-b-PhEtMk] block copolymers prepared in this work

via RAFT copolymerization.

2. Experimental
2.1 Materials

Poly(ethylene glycol)methyl ether methacrylate (PEGM, Mx=500 g/mol, Aldrich),
2-phenylethyl methacrylate (PhEtM, 98%, Jinan Yudong Technology Co., Ltd),
dimethylformamide (DMF, HPLC grade 99.5%, Acros), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 99%, ACros), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPAD, >97%, Aldrich), 4-methoxyphenol



(99%, Acros), 1-methyl-2-pyrrolidinone (NMP, 99.5% anhydrous, Acros), carbon-coated
lithium iron phosphate (LiFePOs, LFP, Advanced Lithium Electrochemistry Co. Ltd.),
carbon black Ces (Timcal) and lithium metal foil (high purity lithium metal, Albemarle)
were used as received, without further purification. Diethyl ether (Et.O, 99%) was
distilled over Na. 2,2’-Azobisisobutyronitrile (AIBN, initiator, 98%, Aldrich) was
recrystallized from methanol. The Spectra/Por 1 (Spectrum labs) dialysis tubing with
MWCO 6000-8000 Dalton was used for polymer dialysis.

2.2 Synthesis of LiM and copolymers

The lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-
(trifluoromethanesulfonyl)imide (LiM) ionic monomer was synthesized in full
accordance with the procedure published previously [33]. The resulting crystalline
powder was dried at 25 °C/1 mm Hg overnight and stored under inert atmosphere in an
argon-filled glove-box (MBRAUN MB-Labstar, H,O and O2 content < 0.5 ppm).
Spectroscopic data of the target compound were in full accordance with those reported in
the literature [33,52].

Random copolymers poly[LiMn-r-PEGMm] were prepared via RAFT
copolymerization of LiM and PEGM monomers. Then, the poly[(LiMn-r-PEGMu) was
directly used as macro-CTA for the RAFT synthesis of block poly[(LiMs-r-PEGMm)-b-
PhEtMx] copolymers. For the detailed copolymerization procedure please refer to the
supporting information (loadings for the synthesis of poly[LiMn-r-PEGMn] and
poly[(LiMn-r-PEGMm)-b-PhEtMk] copolymers are presented in Table S1 and Table S3
respectively).

Indeed, the kinetics of PhEtM RAFT polymerization was studied by an example of
CPAD to monomer ratio, set to target a molecular weight (Mn teo) of 19.7 kDa

(poly(PhEtM)103); full details in the supporting information.

2.3 Characterization
2.3.1 Physico-chemical characterization

NMR spectra were recorded on AMX-400 spectrometer (Bruker, Germany) at 25°C
in the indicated deuterated solvent and are listed in ppm. The signal corresponding to the

residual protons of the deuterated solvent was used as an internal standard for 'H and '*C



NMR, while for "F NMR the CHCIL,F was utilized as an external standard. IR spectra
were acquired on a Nicolet Magna-750 Fourier IR-spectrometer using ATR technology
(128 scans, resolution is 2 cm™).

The number-average molecular weights (Mn(sec)) and Mw/M, ratios for copolymers
were determined by size exclusion chromatography (SEC) on a LC-20AD gel permeation
chromatograph (GPC, Shimadzu Corporation) equipped with PLgel Spym MIXED-D
column (Agilent Technologies), PLgel 5um (Agilent Technologies) pre-column and a
refractive index detector (RID-20A, Shimadzu Corporation). The system was operated at
50°C and 1.0 mL/min flow using 0.1 M Li(CF3S0.)2N solution in DMF as an eluent.
Poly(methyl methacrylate) standards (EasiVial PM, Agilent Technologies, M, = 550 -
1558x10%) were used to perform calibration.

The Mnnwmr) for random poly[LiMn-r-PEGMm] copolymers was defined using

simplified equation 1:

— [LiM]o+[PEGM]
Mpnmry = Mynic - q - W + Mcpap (1),

where q is the total conversion of PEGM and LiM monomers (determined by *H NMR);
Mcpap is the molar mass of CPAD; [PEGM]o, [LiM]o and [CPAD], are the initial amount

of monomers and CPAD in moles; M,,,,;; - the average molecular weight of the monomer
repeating unit, which is calculated in accordance with equation (2):
v n m

M it = —* Myim + ——* Mpggm  (2),

n+m n+m
where n=q-[LiM]o, m=q-[PEGM]o, MLim and Mpecm are the molar masses of the respective
monomers.
The Mnnmr) for block poly[(LiMn-r-PEGMm)-b-PhEtMk] copolymers was calculated
by simplified equation (3):

PhEtM
Mn(NMR) = Mpngtm - Q- [ [ Jo + Minacro-cra 3),

macro—CTA]g

where q is the conversion of PhEtM monomer (determined by *H NMR); Mmacro-cTa — the
molecular weight of respective macro-CTA poly[LiMn-r-PEGMm] determined by H
NMR (see section 2.6.3.); Mphetv IS the molar mass of PhEtM; [PhEtM], and [macro-
CTA]o are the initial amounts of monomer and macro-CTA, respectively. The number of
monomer units K in poly[(LiMn-r-PEGMm)-b-PhEtMk] was calculating as follows: k=
g-[PhEtM]..



AFM images were recorded with MFP-3D infinity microscope (Asylum
Instruments/Oxford Instruments) in the tapping mode with the Heater-Cooler
environmental option (-20°C, under nitrogen atmosphere). AC160TS-R3 (Olympus)
cantilevers were applied with a stiffness of 26 N m™' and resonance frequency of 300
KHz. The images were recorded in the so-called ‘soft tapping mode’, to avoid
deformation and indentation of the polymer surface by the tip. All the images were
collected with the maximum available number of pixels (512) in each direction. The
domains periodicity was evaluated on averaged Power Density Spectrum (PSD)
generated from phase shift channel on 3 different 500 x 500 nm? images. General
procedure for the preparation of the samples for AFM was as follow: films were cast from
10 wt% solution of respective block copolymer in DMF on a microscope glass, and
allowed to slowly evaporate at 80°C. The obtained thin films were dried at 80°C/1 mm
Hg for 24 h. Prior to AFM analysis, sample were soaked in anhydrous ethanol for a few
seconds and then was dried under a nitrogen flux.

Thermal mechanical analysis (TMA) of block copolymers samples was performed
under inert atmosphere (He) using a DIL 402 select Expedis dilatometer (NETZSCH,
Selb, Germany) at a heating rate of 5 °C min™! and a constant load of 0.3 N. Heat distortion
temperature (7upt) wWas determined as a temperature at which a noticeable deformation
under applied load and scanning/heating rate was observed.

Differential scanning calorimetry (DSC) was performed on a DSC 204 F1 Phoenix
instrument (NETZSCH, Germany) in the range of -70-150°C at a heating rate of 5°C min
"under argon atmosphere. Three heating-cooling cycles were carried out for each sample.
Glass transition temperatures (7)) were calculated using Proteus 6.1 software and the
reported values obtained as an average from the second and third heating curves.

Rheology measurements were performed using an Anton Paar Physica MCR 302
rheometer equipped with a CTD 450 temperature control device with a disposable
aluminum plate-plate (diameter: 25 mm, measure gap: 1 mm) geometry. Poly[(LiM17-r-
PEGMsg)-b-PhEtM131] and poly[LiMi7-r-PEGMsgg] samples were loaded directly onto the
aluminum plate of the rheometer and special care was taken to exclude bubbles.
Measurements were recorded in the oscillation mode at an imposed 1% strain amplitude

(), ensuring that both moduli G’ and G” were obtained in the linear viscoelastic regime.
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All measurements were carried out at 25 and 70°C. Tests were repeated at least twice to
insure good repeatability of the results.

2.3.2 Electrochemical characterization

Ionic conductivity (opc) measurements were performed via dielectric spectroscopy on
a Novocontrol Broadband Dielectric Spectrometer equipped with high resolution Alpha
analyzer and a Quatro temperature controller (Novocontrol GmbH). To avoid any
influence of moisture/humidity on the ionic conductivity of polyelectrolytes, the latter
were preliminary dried at 60 °C/1 mm Hg for 12 h in the B-585 oven (Buchi Glass Drying
Oven, Switzerland) filled with P2Os and then transferred under vacuum inside an argon-
filled glovebox (MBRAUN MB-Labstar, H>O and O2 content <0.5 ppm). Polymers were
sandwiched between two stainless steel (SS-316) blocking electrodes. The distance
between the electrodes was kept equal to 250 um using a Teflon spacer ring with the inner
area of 0.502 cm?. Symmetrical stainless steel/copolymer/stainless steel assembly was
clamped into the 2032-coin cell and afterwards was taken out from glovebox. The
experiments were carried out at 25°C in the 107'-107 Hz frequency range. To obtain the
DC conductivity the real part of the conductivity ¢’ was plotted against the frequency and
opc was extracted from the dc-plateau of the log o’ against log frequency plots.

Cyclic voltammetry (CV) was used to determine the electrochemical stability
window (ESW) of solid polymer electrolytes at 70°C. VMP3 multipotentiostat (20 V,
+400 mA, Bio-Logic Science Instruments) and ECC-Std test cells (EL-Cell GmbH) were
used to carry out the electrochemical characterization. Moisture contaminations were
avoided by assembling the cells inside the Ar-filled glove-box (MBraun UNILab, H,O
and O content <0.5 ppm). The two-electrode cells were assembled by sandwiching
copolymers between the working electrode and the lithium metal foil, which served as
both the reference and the counter electrodes. Carbon-coated aluminum and copper disks
were used as working electrodes during anodic and cathodic stability measurements,
respectively. To evaluate the oxidation limit, potential sweeps were carried out between
OCV and 5 V vs. Li*/Li at a constant rate of 0.1 mV s at 70°C. To determine cathodic
limits, potential sweeps were performed between OCV and -0.5 V vs. Li"/Li at the same

constant rate.

11



The lithium-ion transference number (¢;") was determined at 70°C in a symmetric Li
metal/poly[(LiM17-r-PEGMgs)-b-PhEtM31]/Li metal cell, which was subjected to a 100
mV polarization bias (AV) with the aim to determine the initial (/,) and the steady state
(Iss) currents. Electrochemical impedance spectroscopy (EIS) was performed on VMP3
multipotentiostat (20 V, £400 mA, Bio-Logic Science Instruments) by applying a 50 mV
perturbation between 500 kHz and 1 Hz at OCV conditions to obtain the resistance of the
passivation layer before (Rseicto) and after (Rsgrscrss) polarization. The #;" was
calculated using the Abrahams [3] equation (4), which is the slightly modified version of

the known equation proposed by Evans/Vincent/Bruce [4]:

_ Iss'Rpss'(AV — Io*RSE[+CT,0) &)
Li+ =
L Io'Rb,o'(AV - Iss'RSEI+CT,ss) ’

where ti+ is the Li transference number, AV is the potential applied across the cell,
Rsei+cT,0 and Rsei+cT,ss are the initial and the steady-state resistances of the passivating
layer, I, and Iss are the initial and steady-state currents, Ry,0 and Rpss are the variation of

bulk electrolyte resistance.

2.3.3 Li cells assembly and testing

A composition of 60 wt.% of carbon coated LiFePOs, 10 wt.% of Css carbon black
and 30 wt.% of poly[(LiM17-r-PEGMgg)-b-PhEtM131] was used for the preparation of
the composite cathode in the form of catholyte. Firstly, LFP active material powder and
Ces carbon black were gently mixed in a hand mortar and, successively added to the ca.
5-7 wt.% solution of block copolymer in anhydrous NMP upon stirring. The stirring was
continued at ambient temperature for 1 h, whereupon the resultant suspension was
additionally homogenized using an Ultra-Turrax® mixer (IKA-Werke GmbH & Co. KG)
for 10 min. The obtained dense slurry was cast onto an aluminum current collector using
a doctor-blade with a blade height of 250 um. NMP solvent was removed by evaporation
at ambient temperature for 12 h and cathode tape was further dried at 60°C/1 mm Hg for
24 h in the B-585 oven (Buchi Glass Drying Oven) filled with P,Os. Without connection
to atmosphere the cathode tape was further transferred under vacuum inside an argon-
filled glovebox (MBRAUN MB-Labstar, H>O and O content <0.5 ppm). The obtained
composite cathode film had an average thickness of 8512 um and an active mass loading

of 3.9 mg cm™.

12



Lab-scale Li/poly[(LiM17-r-PEGMgs)-b-PhEtM131]/LiFePOs cell prototype
assembly was performed inside the Ar-filled glovebox using the ECC-Std test cells (EL-
Cell GmbH). Polyethylene terephthalate (Mylar®) round spacer with a 10 mm internal
diameter and a thickness of 100 um was layered on top of the composite cathode tape.
Afterwards, a layer of poly[(LiM17-r-PEGMgs)-b-PhEtM131] electrolyte was applied
manually directly onto the surface of the composite LFP-based cathode within the
internal diameter of the spacer. The assembly was completed with a lithium metal disk
anode in a classical sandwiched configuration. The cells were galvanostatically cycled
on a LBT multipotentiostat (£5V, £5A Arbin Instruments) at 70°C between 2.5 and 4 V
vs. Li"/Li. The long-term stability test was performed at fixed charge/discharge current
regime of C/20, corresponding to a full discharge or full charge of the theoretical LFP
capacity (170 mAh g!) in 20 hours. Rate capability test at increasingly higher current
rates was performed, where the rate is denoted as C/n, corresponding here to a full

discharge or full charge of the theoretical cathode capacity (C) in n hours.

3. Results and discussion
3.1. Random poly[LiMn-r-PEGMn] copolymers
3.1.1. Synthesis

In the present work, the random RAFT copolymerization of LiM and PEGM was
used for the synthesis of an ionic block (AB) (Scheme 2). The decision to combine these
monomers in a statistical way was performed taking into account several facts. To
increase Li* conduction in SICP, the -CH2CH20- (EO) groups should preferably be
incorporated into the short side chains; this improves local chain mobility and the
effectiveness of Li ions solvation, thus allowing them to move with liquid-like mobility
from side chain to side chain [13,38,40,41]. Indeed, in PEO-based SICP block
copolymers, where EO-groups were located in the main polymer chain, the crystallization
took place, which was significantly decreasing the charge transfer efficiency at ambient
temperature [25,48-51]. As it was shown previously [26,28,33,36,37,52], all the
copolymers synthesized from ionic monomers and PEGM were amorphous and none of
them tend to crystalize. Moreover, the incorporation of PEGM monomer into such
copolymers led to a significant decrease in their Tq, which also positively affected their

ionic conductivity. Finally, as the reactivity of both monomers was found to be equal [33],
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the synthesis of random copolymers represents a much simpler approach in comparison
with block copolymer preparation or with the chemical bonding of already prepared
polyethyleneoxide (PEO) to an ionic polymer.

= —
b) 40 .
//
30 v
(1]
a
3 ;
~_ 20/
= ¥
//
10{ /
’.
20 40 60 80 100 0 5 10 15 20 25 30
Conversion / % Time/h
100
c) d)

Conversion / %
[4)] =~
o (8]
1 1

N
(81}
1

0 5 10 15 20 25 30 6 7 8 o
Time/h Elution time /min
Fig.1. Mn (sec) Vs. conversion (@), Mn (sec) vs. time (b) and conversion vs. time (c)
kinetic plots for LiM and PEGM RAFT copolymerization; SEC traces of poly[LiMn-r-
PEGMn] (d); Reaction conditions: DMF, CPAD:AIBN = 5:1 by mol, LIM:PEGM = 1.7

by mol, [LIM+PEGM] = 0.32 g mI™ or 25 wt%, Mn theor = 40.0 kDa.

RAFT copolymerization of LiM and PEGM was carried out in DMF at 60°C with
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPAD) as the chain transfer agent
and 2,2’-azobisisobutyronitrile (AIBN) as the initiator (Scheme 2). The study of LiM-
PEGM RAFT copolymerization kinetics was initially performed by an example of
CPAD:[LIM+PEGM] ratio, set to target a theoretical molecular weight (Mn theo) Of 40 kDa
(Fig. 1). The probes were taken from the reaction at different times and each sample was
analyzed by *H NMR and SEC to evaluate monomer conversion and polymer molecular
weight, respectively. It was revealed that LiM and PEGM copolymerize at 60°C in a

controlled manner: a linear increase in number average molecular weight (Mnsec)) with
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the rise in conversion was observed in parallel with the achievement of satisfactory low
dispersity indexes Mw/Mn < 1.27 (Fig. 1a). The SEC traces of the poly[LiMn-r-PEGMp]
samples obtained at different reaction times (Fig. 1d) present unimodal peaks with
decreasing elution times and reducing width, thus proving the control over
polymerization. The almost full conversion (95%) was reached after 30 h (Fig. 1c). The
experimental M sec) values determined by SEC in 0.1 M solution of LiTFSI in DMF at
50°C were nearly equal to those obtained by NMR (Mnnmr)), in accordance with equation

(1) and only slightly higher than the theoretically calculated ones.

v.80; v cF
S

poly(LiM)

poly[LiM,,-r-PEGM, ]

Absorbance

poly(PhEtM)
vCH Ar

poly[(LiM, -r-PEGM,,)-b-PhEtM, ]
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Fig. 2. IR spectra of poly(LiM), poly[LiMi7-r-PEGMgg], poly(PhEtM) and
poly[(LiM17-r-PEGMgs)-b-PhEtM131].
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The chemical structure, composition and purity of poly[LiMs-r-PEGMm] copolymers

were comprehensively supported by elemental analysis, *H, °F, ‘Li NMR- and FTIR-
spectroscopy (Fig. 2 and experimental section). FTIR spectra of copolymers showed the
absorption bands at 2947 and 2872 cm™ assigned to aliphatic CH; stretching (Fig. 2). The
characteristic absorption bands of -SO.-N-SO.CFs anions were observed at 1352
(asymmetric S=0), 1179 (CF), 1055 (CF) cm™!, respectively. A sharp intense peak
appearing at 1723 cm™ was ascribed to the ester carbonyl group (C=0) stretching
vibration. The absorption bands at 1105 and 858 cm™ were attributed to the asymmetric
and symmetric C—O—C vibrations 0f the ether groups. Finally, the absence of any residual
monomers was proven by the disappearance of the band at 1638 cm™ (C=C).
Once the optimal reaction conditions were established, a set of poly[LiMn-r-PEGMn]
copolymers with molecular weights in the range of 31.9 - 55.0 kDa and different in terms
of LiM:PEGM ratio (from 1:3 to 1:10) were obtained via RAFT copolymerization (Table
S2). To gain better control over polymerization, the duration of RAFT copolymerization
was reduced to 15 h, thus limiting the total conversion of LiM and PEGM to 85.7 + 87.6%.
In all cases, the copolymer dispersity values were satisfactorily low < 1.32, while the
measured molecular weights (Mnsec) and Mnnmr)) Were close to the theoretical ones
(Tables S2).

3.1.2. Properties

The solubility of the obtained poly[LiMs-r-PEGMm] copolymers was studied in a
variety of solvents. It was found that they were readily soluble in water, alcohols, acetone,
acetonitrile, THF and aprotic polar solvents (DMF, DMSO, DMAc and NMP).
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Fig. 3. TMA traces poly(PEGM) and of random poly[LiMx-r-PEGMm] copolymers.

Thermal properties of random copolymers were investigated by thermal mechanical
analysis (TMA). Figure 3 shows the TMA curves of poly[LiMn-r-PEGMm] having
different LIM:PEGM ratios and a fixed My (nwr) = 30.0 + 32.4 kDa.

According to TMA (Figure 3), random samples demonstrated low T4 varying in the
range of -47 + +15 °C, which, depending on the LiM content, can be arranged in the

following decreasing order (Table S2):

Ty = 15°C poly[LiM3s-r-PEGMs3s] > -21 poly[LiM17-r-PEGMsg] > -29 poly[LiMy1-r-
PEGMs4] > -31 poly[LiMg-r-PEGMss] > -47 poly[LiMe-r-PEGMeo] > -57
poly(PEGM)71

Overall, the higher was the LiM content, the higher was the T4 observed in
copolymers having the same molar mass. The increase in the molecular weight of
copolymers from My nmr) = 30.8 to 49.1 kDa having the same ratio of LiM:PEGM (1:5)
led only to a slight rise in Ty from -29 to -25°C (Table S2, entries 3-4). It should be noted
that all poly[LiMn-r-PEGMm] samples demonstrated only one glass transition in the TMA
curves, being exactly in between the transitions attributed to neat poly(PEGM) (Ty= -
57°C, Fig. 3, n=0, m=71) and poly(LiM) (T4=105°C [52]), thus proving the formation of
random copolymers. The results reported here are in full agreement with those published
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previously for random copolymers based on LiSTFSI and poly(ethylene glycol)methyl
ether acrylate monomers [26].

lonic conductivity measured for random poly[LiMn-r-PEGMm] copolymers revealed an
interesting behavior, showing a maximum at 4.6x107" S/cm (25°C) in between the ionic
conductivities for poly[LiM7-r-PEGMso] and poly[LiMy1-r-PEGMs4] (Fig. 4). Starting
from poly[LiMe-r-PEGMeo], the ionic conductivity increased with the growth in Li*
number up to poly[LiM1:-r-PEGMs4]. However, the subsequent growth of LiM content
led to the decrease in conductivity down to 1.3x10® S/cm (25°C) for poly[LiMss-r-
PEGMzss]. It can be explained by the fact that at PEGM/LiM = 5+10 mole ratio, the
polyelectrolyte conductivity improved with the increase in concentration of charge
carriers (Li*). The ion/EO chains coordination and the ions hopping transport occurred
due to the high mobility of the copolymer side chain segments. After a certain PEGM/L.i
ratio (< 3), the Tq of the copolymers started to increase, thus reducing the chains mobility

and, in its turn, decreasing the ionic conductivity.
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Fig. 4. lonic conductivity at 25°C vs. number of LiM monomer units (n) in poly[LiMn-
r-PEGMn] at a fixed Mn (vmr)~30 kDa.

3.2. Block poly[(LiMn-r-PEGMm)-b-PhEtMy] copolymers
3.2.1. Synthesis
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The synthesized random poly[LiMns-r-PEGMm] copolymers were further applied as
macro-chain-transfer agents (macro-CTAs) in the synthesis of poly[(LiMn-r-PEGMm)-b-
PhEtMy] block copolymers (Table 1 and S3). For more accurate calculations in the
synthesis of block copolymers and comparison of their molecular weights, the Manwmr)
values determined by eq. 1-3 (see experimental section) were further used.

The 2-phenylethyl methacrylate (PhEtM) was chosen for the preparation of the B-
block for several reasons (Scheme 2). First, this monomer contains methacrylic functional
group similar to LiM and PEGM that will insure the successful realization of the block
copolymers synthesis with the same CPAD RAFT agent. Second, PhEtM possesses the
aromatic moiety which is incompatible with polar LiM and PEGM based polymers. In
addition, poly(PhEtM) shows the T4 equal to 39°C (Fig. S4), thus providing an average
difference of 60-65°C between the glass transition temperatures of both blocks. The work
started with the investigation of PhEtM RAFT polymerization. The study of the process
kinetics was carried out in DMF at 60°C with a ratio [CPAD].:[AIBN],=5:1 (Scheme 3).

s
s HO
io o) , AIBN A SJ\@
o) o] o
O,

DMF, 80°C

PhEM poly(PhEtM)

Scheme 3. RAFT polymerization of PhEtM.

The kinetic plots shown in Figure S1 demonstrated good control over the
polymerization reaction: 96% monomer conversion was reached after 34 h (Fig. S1a).
The M vs. conversion plot demonstrated linear increase (Fig. S1b), while the Mw/M,, ratio
remained close to 1.25 (Fig. S1c). At this, the experimental My values determined for
poly(PhEtM) by SEC in 0.1 M solution of LiTFSI in DMF at 50°C were nearly three
times lower compared to the theoretically calculated ones (Fig. S1b). This discrepancy
can be explained by the structural difference between the comb-like poly(PhEtM) with
aromatic substituents and poly(methyl methacrylate) (PMMA) calibration standards.
Nevertheless, SEC analysis showed (Fig. S1d) monomodal shape of the peaks that were

continuously shifted towards short elution times with increase in PhEtM conversion

19



indicating the growth of poly(PhEtM) chain. The chemical structure and purity of
poly(PhEtM) was confirmed by *H NMR and IR spectroscopy (Fig. S2 and S3).

After determination of the optimal conditions for PhEtM RAFT polymerization a
set of poly[(LiMn-r-PEGMm)-b-PhEtMk] block copolymers was synthesized by RAFT
polymerization of PhEtM using poly[LiMn-r-PEGMm] copolymers as macro-CTA
(Scheme 2). The reaction was performed in DMF at 60°C for 15 h. The initial [macro-
CTA]o/ [AIBN]o ratio was kept constant (5:1), while the [PhEtM], to [macro-CTA], ratio
was varied in order to obtain poly[(LiMs-r-PEGMm)-b-PhEtMk] copolymers with
different molecular weights (Table 1 and Table S3). The ionic content in synthesized
copolymers was controlled by the n:m ratio in the used macro-CTAs (poly[LiMs-r-
PEGMn]), while the control over the ratio between molecular weights of the blocks
(Ma/Mg) was gained by varying the PhEtM loading. The PhEtM conversion determined
by *H NMR spectroscopy was in the range of 52.1 + 59.3%. The obtained poly[(LiMn-r-
PEGMnm)-b-PhEtMk] block copolymers with Mynmr) < 40 kDa represented wax like

materials, while copolymers with Mynmr) > 40 kDa exhibited rubber-like properties.
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Table 1. Synthesis of poly[(LiMn-r-PEGMm)-b-PhEtMy] block copolymers.

poly[LiMn-r-PEGMp] poly[(LiMy-r-PEGMm)-b-PhEtMy]
(A-block) (A-b-B block copolymer)

N obc
a . )

polymer M(E(SZ)GU K”[(;:)Ca) M(;VE/:?” l\éllzggl)? I;’_IIE'\C;‘IIE/I (Slcm) Block copolymer
25°C

Mnsecy Mw/M2 Mnnmry Ma/MgP
(kDa)®  (sec)  (kDa)®

1 poly[LiMeT-PEGMy] 170 208 110 158 44  7:9%107 poly[(LiMe-r-PEGMy7)-b-PhEtMss] 243 112 258 161

2 poly[LiMi-r-PEGMs)] 351 383 115 307 3.0  4.3x107 poly[(LiMi-r-PEGMso)-b-PhEtMs;] ~ 43.2  1.19 463  2.0:1

w

_ POly[(LiMu-T-PEGMes)-b-PhEtMy] ~ 39.2 115 385  40:1

poly[LiMu-T-PEGMs] 351 355 113 308 50 ALAOT i oeevis iy orennd 433 113 448 221

SN

poly[LiMe-r-PEGMs] 351 350 114  30.6 7.0  2.3x107 poly[(LiMs-r-PEGMss)-b-PhEtMsz] 424 117 462 201

5

6 poly[(LiMy7-r-PEGMge)-b-PhEtMsg] ~ 57.7 121 584  53:1
7 poly[(LiMy-r-PEGMgs)-b-PhEtM+s] 616 119 634  3.4:1
8
9

poly[LiMi-r-PEGMgg]  57.7 550  1.16 491 50  4.1x107
poly[(LiMy-r-PEGMgs)-b-PhEtM131]  67.7 117 741  2.0:1
poly[(LiMi7-r-PEGMge)-b-PhEtM1s)] 747 119 859  1.3:1

2By GPC in 0.1 M solution of LiTFSI in DMF at 50°C with PMMA standards.
b Defined by equations (1,2) for random or by equation (3) for block copolymers.
¢ By 'H NMR (CDCl3).
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Molecular weight values of the obtained block copolymers were determined by both
SEC chromatography and *H NMR (Table 1). Figure 5 shows the SEC chromatograms
of the parent poly[LiM17-r-PEGMgs] with Mnsec) = 55.0 kDa and the subsequent increase
in the molecular weight of the growing block copolymers poly[(LiM17-r-PEGMgs)-b-
PhEtM] with k = 49, 75, 131 or 194 (Table 1, lines 6-9). A clear shift of the SEC traces
toward higher molecular range with Mw/M; remaining < 1.21, confirmed the efficient
polymerization initiation and clearly demonstrated the formation of the second block. The
experimental Mnsec) values for poly[(LiM17-r-PEGMege)-b-PhEtMy] block copolymers
were found to be lower than Mnnmr) calculated from the PhEtM conversion. Apparently,
this can be explained by similar large difference between the experimental Mnsec) and

calculated Mnnwir) Values observed for the poly(PhEtM) homopolymer noted above.

macro-CTA
55.0 kDa

di-block copolymers:

57.7 kDa
61.6 kDa
67.7 kDa
74.7 kDa

60 65 70 75

Elution time/min
Fig. 5. SEC traces of poly[(LiM17-r-PEGMgs)-b-PhEtMk] block copolymers obtained
from poly[LiM17-r-PEGMss] macro-CTA.

The chemical structure, composition and purity of poly[(LiMn-r-PEGMm)-b-
PhEtMk] block copolymers were confirmed by NMR and IR spectroscopy (Fig. 2 and 5).
NMR chemical shifts corresponding to both blocks, namely to poly[LiMn-r-PEGMm] and
poly(PhEtM), were clearly observed (Fig. 6). Integration of the appropriate signals
depicted as n and g+j+m in Fig. 6 and attributed to Ar-CH2-CH,- from poly(PhEtM) and
CO-0-CHa- protons from all blocks, respectively, provided composition of the block
copolymers and Ma/Mg ratio. The analysis of block copolymer IR spectrum (Fig. 2)
confirmed the presence of both blocks. Thus, apart the characteristic absorption bands of
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-S02-N-SO,CFs3 anion (1350, 1175, 1137, 1028 cm™) from LiM, ether -C-O-C- groups
(1103, 851 cm™) from PEGM and of ester carbonyl group C=0 (1723 cm™) from all
methacrylic monomer units, the signals attributed to CH-aromatic stretching (3062, 3028
cm™), CH-aromatic deformation vibrations (748, 699 cm™) and to C=C vibrations of the
aromatic ring (1453 cm™) were observed as well (Fig. 2).

While poly[LiMs-r-PEGMm] copolymers represented very soft and sticky pink
materials, the poly[(LiMn-r-PEGMm)-b-PhEtMk] block copolymers appeared to be pink
rubber-like elastomers that can hold the weight load (Fig. 7).
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Fig. 7. Appearance and difference in mechanical robustness between poly[LiM17-r-
PEGMs¢] (a-c) and poly[(LiM17-r-PEGMss)-b-PhEtM131] (d-f) block copolymers.
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3.2.2. Thermomechanical analysis

Thermal properties of poly[(LiMa-r-PEGMm)-b-PhEtMk] block copolymers were
studied by thermal mechanical analysis (TMA). Most of the samples demonstrated three
transition temperatures (Table 2).

These transitions were attributed as follow: i) the first low temperature transition
corresponded to the glass transition (Tg1) of the parent poly[LiMn-r-PEGMm] ionic block,
i) the second transition was assigned to the glass transition (Tg.) of the poly(PhEtM) block
and iii) the final transition related to heat distortion temperature (Thpt) at which a
noticeable deformation was observed under applied load and scanning/heating rate. These
three transition temperatures were found to be strongly dependent on the number of LiM
units in the ionic poly[LiMs-r-PEGMn] block, the molecular weight of the poly(PhEtM)
block, the total molar mass of the block copolymer and the ratio of ionic and nonionic
blocks (Ma/Mg). These observations can be summarized as follows: i) the decrease in LiM
content and increase in PEGM/LIM ratio from 3 to 7 led to the decrease in Tg (Table 2,
entries 1-5); ii) the increase in PhEtM units number resulted in the increase in Ty (Table
2, entries 3-4 and 6-9); iii) the higher was the molecular weight of poly[(LiMn-r-PEGMm)-
b-PhEtMk] block copolymer and the lower was the Ma/Mg ratio, the higher the Thpt was
observed (Table 2, entries 4-5 and 7-9).

3.2.3 lonic conductivity

lonic conductivity (o) of poly[(LiMa-r-PEGMm)-b-PhEtM] block copolymers was
investigated by dielectric spectroscopy and related results are listed in the Table 2. lonic
conductivity was found to be dependent on PEGM/LIM ratio, total molecular weight of
block copolymer and the ratio of ionic and nonionic blocks Ma/Mg.

When studying the effect of PEGM/LiIM ratio on the ionic conductivity of block
copolymers, the same trend as for parent poly[LiMxs-r-PEGMm] random copolymers was
detected (Table 2 and Fig. 4). Considering the series of samples, namely poly[(LiM17-r-
PEGMs0)-b-PhEtMa,], poly[(LiM11-r-PEGMs4)-b-PhEtM7s] and poly[(LiMs-r-PEGMse)-
b-PhEtMg] (Table 2, entries 2, 4 and 5) with similar values of Mnnwr) = 44.8+46.3 kDa
and Ma/Mg=2.0+2.2, the highest ionic conductivity (c = 9.5x10® S/cm, 25°C) was
obtained for the block copolymer with PEGM/LiIM = 5, while for samples with PEGM/L.i

=3 and 7, owas lower (3.0x10® and 5.0x10® S/cm, respectively). Another trend was
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Table 2. Selected properties of poly[(LiMn-r-PEGMm)-b-PhEtM] block copolymers.

N poly[(LiMn-r-PEGMm)-b-PhEtMy]  Ma/Me? (Iél)’b (Iéz),b -(I-OH(?)TS (gl?:%) m-g?;%(io(;fyc Dlé)rr]g%l]n C(:jﬁ::ggrs
at 25°C (nm) (nm)
1 poly[(LiMe-r-PEGM27)-b-PhEtMss3] 1.6:1 -39 35 67 2.6x108 disordered ) )
2 poly[(LiMy-r-PEGMiso)-b-PhEtMez] 20:1  -47 34 93  3.0x10° HPCH 25409  16.6+4.4
3 poly[(LiMi-r-PEGMss)-b-PhEtMao] 401  -48 23 - 7.8x10% HPC 16.3:0.1 106436
4 poly[(LiMiz-r-PEGMss)-b-PhEtMz4] 221 -51 26 69  9.5x10°8 HPC 228+18  13.7%31
5 poly[(LiMs-r-PEGMss)-b-PhEtMs;] 201  -51 21 75  5.0x10°8 HPC 18.6£34  11.9+24
6  poly[(LiMy7-r-PEGMeas)-b-PhEtMue] 531  -48 25 - 2.8x107 HPC 18.9+16  12.8+27
7 poly[(LiMy-r-PEGMeag)-b-PhEtMss] 341  -49 31 76 2.3x107 HPC 29.7¢14  18+41
8  poly[(LiM7-r-PEGMge)-b-PhEtMyz1] 20:1  -48 33 92  3.8x107  lamellar ~ 341%1.2 -
9 poly[(LiMi7-r-PEGMgs)-b-PhEtM 4] 131 -49 51 120  3.4x107  lamellar ~ 38.7%08 -

2 Defined by equation (3).
bBy TMA.

¢By AFM on block copolymer coatings.

4 Hexagonally packed cylinders.

25



observed for block copolymers having closed PEGM/LiM (4.4+5.0) and Ma/Mg (1.6+2.2)
ratios, but different molecular weights, Manvir)= 25.8, 44.8 and 74.1 kDa (Table 2, lines
1, 4, 8). Actually, an almost 3 times increase in the Mnnmgr) Was accompanied by nearly
14 times increase in ionic conductivity (from 2.6x107® to 3.8x1077 S/cm at 25°C). Thus,
in terms of charge transfer efficiency, the poly[(LiM17-r-PEGMesgs)-b-PhEtM131] block
copolymer was almost equal to the parent poly[LiM17-r-PEGMgs], despite the decrease
in the concentration of Li cations (3.8x107 and 4.1x10°" S/cm at 25°C, respectively).

The molecular weight of poly(PhEtM) block and the Ma/Mg ratio were found to
influence the ionic conductivity of block copolymers as well (Table 2, lines 3-4 and 6-9).
In poly[LiM11-r-PEGMs4] based block copolymers the increase in PhEtM units content
led to the rise in ionic conductivity from 7.8x10® to 9.5x10® S/cm at 25°C (Table 2,
entries 3-4). In the series of poly[(LiM17-r-PEGMpgs)-b-PhEtMy] block copolymers, the
increase in ionic conductivity with the increase of PhEtM units from 49 to 194 was less
pronounced (Table 2, entries 6-9 and Fig. 8). However, it still doubled from 2x107 to
4x107" S/cm at 25°C.

poly[(LiIVI”-r—PEGMSB)-b-PhEth]
o, v, ,

0 50 100 150 200

Fig. 8. lonic conductivity at 25°C vs. number of PhEtM units (k) in poly[(LiMi7-r-
PEGMgs)-b-PhEtM,] block copolymers.

The last two trends are in contradiction with the concentration of the mobile charges

in the copolymer. Commonly, the increase in non-coordinating monomer content should
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result in the overall decrease in ionic conductivity because of reduction of conducting
species. However, as it was proposed at the beginning of the work, the synthesis of the
block copolymers with two immiscible blocks supposed to lead to the microphase
segregation, which in turn can explain the conductivity results (see vide infra).

The temperature dependence of ionic conductivity for the best poly[(LiM17-r-
PEGMsgg)-b-PhEtM131] block copolymer is shown in Figure 9. Electrochemical
impedance spectroscopy (EIS) analysis was carried out between 25 and 120 °C. The
Arrhenius plot shows ionic conductivity increase with the rise in temperature, reaching
practical values in the order of 10 and 10° S/cm at 40 and 80 °C, respectively. The plot
slightly deviates from the ideal linear Arrhenius behavior especially at temperature below
40 °C (Tg2 of copolymer), indicating inter-relation between the conductivity and
segmental relaxation of polymer segments. On the contrary, at elevated temperatures, the
deviation from the linear dependence is less pronounced, suggesting that, in the range of
50-90 ‘C, the Li* ion diffusion occurs prevalently through hopping on anionic sites. The
curve gradient modification above 90 °C is likely associated with the third phase

transition (TwpT) and the formation of a disordered system.
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3.2.4. Morphological phase behavior

The presence of the two distinct glass transitions temperatures on TMA curves of
all poly[(LiMy-r-PEGMm)-b-PhEtM«] block copolymers clearly demonstrated the
presence of two segregated microphases. To prove this conclusion and to determine the
type of morphology, thin coatings of block copolymers were studied by AFM (Fig. 10
and Table 2). AFM images of phase shift revealed that the bulk block copolymers
mesoscopic self-assembly fits into two categories: perpendicular hexagonally packed
cylinders (HPC) and perpendicular lamellas (Fig. 10 and Fig. S5). The only exception
was found for sample poly[(LiMs-r-PEGM27)-b-PhEtMs3] that did not exhibit any visible
phase separation on AFM images (Table 2, entry 1). This result can be explained by the
low molecular weight of copolymer blocks, resulting in a low incompatibility of polymer
blocks allowing disorder in chains arrangement (Figs. S5a-S5b). With the increase in
molecular weight of blocks, the incompatibility of the chains increased, and a mesoscopic
phase separation occurred under HPC perpendicular to the bulk surface (Table 2, entries
2-7, Fig. 10a-10d, Fig. S5¢c-S5h). The subsequent increase in both number of PhEtM units
and total molecular weight of block copolymers ended up in a new arrangement of chains
to reduce stretching, thus leading to a lamellar type nanophase separation perpendicular
to the surface [53] (Table 2, entries 8-9, Fig. 10e-10j).

The domain size was found to be dependent on several factors are summarized in
the followings:

1. PEGMI/LIM ratio. In block copolymers with molecular weight Manmr) = 44.8 +
46.3 kDa and Ma/Mg ratio = 2: 1, the diameter of the cylinders and the distance between
them were found to be dependent on the composition of the ionic block (Table 2, entries
2, 4-5). As the number of PEGM units was increased (PEGM/LiIM ratio increased from 3
to 7), the distance between the cylinders and their diameter showed a gradual decrease
(from 25.4 to 18.6 nm and from 16.6 to 11.9 nm, respectively).

2. Ma/Mg ratio and poly(PhEtM) content (k). The influence of such a parameter as
Ma/Mg ratio on the size and type of the domains can be traced by the example of low and
high molecular weight block copolymers having fixed PEGM/LiM ratio equal to 5 (Table
2, entries 3-4 and 6-9). In both series, with the increase in poly(PhEtM) content (k) the
size of the domains was increasing from 16.3 to 25.4 nm and from 18.9 to 38.7 nm,

respectively.
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Fig. 10. AFM images of poly[(LiM11-r-PEGMss)-b-PhEtM74] (a, b), poly[(LiMs-r-
PEGMsg)-b-PhEtMs2] (¢, d), poly[(LiM17-r-PEGMsgg)-b-PhEtM131] (e, f) and
poly[(LiM17-r-PEGMgg)-b-PhEtM194] (g, h) films at different resolutions. Topography of
poly[(LiM17-r-PEGMgs)-b-PhEtM131] (i) and poly[(LiM17-r-PEGMgs)-b-PhEtM194] (j)
coatings.
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Upon reaching a certain value of Ma/Ms < 2.0 for high molecular weight block
copolymers, the type of microphase was changing: the hexagonally packed cylinders were
transforming into the lamellar morphology (Table 2, entries 6-9 and Fig. 10e-10j). The
same trend was observed for diameters of the cylinders that were increased in size from
10.6 to 13.7 and from 12.8 to 18.0 nm when k was raised from 40 to 74 and from 75 to
131 (Table 2, entries 3-4 and 7-8), thus suggesting that the centers of the cylinders were
occupied by poly(PhEtM) chains.

3. Overall molecular weight of block copolymer. With the growth in the molecular
weight of the block copolymers with constant PEGM/LiM and Ma/Mg ratios (5:1 and
~2.0, correspondingly) the probability of microphase separation increased (Table 2,
entries 1, 4, 8). The sample with low molecular weight (Mnnvr) = 25.8 kDa) showed only
disordered structure (Table 2, entry 1). The increase in Manmr) up to 44.8 kDa led to the
formation of hexagonally packed cylinders, while further growth of Manwr) to 74.1 kDa
was accompanied by a transition to lamellar morphology.

As above mentioned, the ionic conductivity in poly[(LiM17-r-PEGMgg)-b-PhEtMy]
block copolymers unexpectedly increased with the increase in molecular weight. After
morphological investigation, it is possible to conclude that the increase in ionic
conductivity benefits from the formation of the long-range-ordered lamellas in
comparison with cylindrical phase separation (Table 2, entries 6-9). It can be further
speculated that samples exhibiting hexagonally packed cylindrical morphology have a
low degree of long-range order and the decrease in in-plane ionic conductivity likely
results by numerous morphological defects and large numbers of grain boundaries that
serve as “dead ends” for conductive channels [54]. In contrast, when the microphase
segregation yields the lamellar structures, the continuous ion-conducting pathways with
high concentration of Li* cations and ethylene oxide solvating groups are formed, that in
its turn facilitates the ion transport and increases the overall ionic conductivity. These
results perfectly correlate with those observed for cationic block copolymers reported
previously [43,47,54].

3.2.5. Rheological (mechanical) properties

As the investigation of the viscoelastic properties is an indirect method for the

estimation of mechanical performance of elastomeric materials, the dynamic rheological
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properties of poly[(LiM17-r-PEGMgg)-b-PhEtM131] block copolymer with the highest
ionic conductivity and lamellar microphase segregation were measured by carrying out
rheological measurements in a small amplitude oscillatory flow mode at 25 and 70°C
(Fig. 11).
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Fig. 11. Temperature dependence of the complex viscosity (a) and frequency
dependence of the storage modulus G' (full symbols) and the loss modulus G" (open
symbols) obtained at 25 (b) and 70 °C (c) for poly[(LiM17-r-PEGMsg)-b-PhEtM131] and
poly[LiM17-r-PEGMgg].

They were further compared to those demonstrated by parent poly[LiMi7-r-PEGMgs]
random copolymer. Fig. 11a shows the temperature dependence of complex viscosity at
a constant frequency of 1 Hz. The curves of both copolymers demonstrated smooth
decrease with the increase of temperature having nearly the same slope. At any
temperature  poly[(LiM17-r-PEGMges)-b-PhEtM131] possessed significantly higher
complex viscosity than the parent poly[LiMi7-r-PEGMse] (Fig. 11a). The observed
enhancement in viscoelastic behavior reached up to four orders of magnitude.

Figures 11b and 11c show the storage and loss moduli versus angular frequency
dependence performed at 25 and 70°C. For poly[LiM17-r-PEGMss], the imaginary part
(G”) exceeded the real part (G”) of the complex modulus over the entire frequency range
and at all temperatures. Both moduli exhibited high degree of frequency dependence.
Such behavior of poly[LiM17-r-PEGMgs] can be ascribed as the one closed to a liquid-
like or molten state. In contrast, for poly[(LiM17-r-PEGMegs)-b-PhEtM131] the G’ was
higher than G” or nearly coincided with it at both temperatures. Moreover, both G’ and
G” were less frequency dependent for the block copolymer than for the parent random
copolymer over the entire measured range. This behavior of poly[(LiM17-r-PEGMgg)-b-
PhEtMz31] can be attributed to the one having solid-like character. Finally, block
copolymer demonstrated the improvement in both moduli up to five orders of magnitude.

The observed improvement in viscoelastic behavior can only be explained by the
presence of stiff PhEtM block as both compared copolymers are linear and have the ionic
poly[LiM17-r-PEGMge] block of the same molecular weight. These results are of high
importance as solid polymer electrolytes with increased stiffness were previously
reported to effectively suppress/limit the growth of lithium dendrites [55,56].

3.2.6. Li* ion transference number and electrochemical stability

The promising prospects of the newly developed single-ion conducting polymer
electrolyte were further confirmed by testing poly[(LiM17-r-PEGMgss)-b-PhEtM131] block
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copolymer in terms of lithium ion transference number (t.i*) and anodic stability window
(ASW). The ti+ was determined by the method of Abraham et al. [57,58] as detailed in
experimental. The typical Nyquist plots of a.c. impedance of a Li/poly[(LiM17-r-
PEGMgg)-b-PhEtM131]/Li symmetrical cell at 70°C are shown in Fig. S6. The cell Nyquist
plot did not change significantly during the experiment, and the initial bulk resistance
(Rb) value of 2958 Q only decreased to 2928 Q, while the charge transfer resistance (Rct)
showed only a limited drop from 250 Q to 238 Q, thus proving a stable interfacial contact
with the lithium metal electrode. The plot of the current response to the applied bias as a
function of time is shown in Fig. S7. A current drop from 23.46 pA to 22.74 pA was
observed before the steady state was reached. It resulted in a calculated tii* value of 0.96;
a high value, which is fundamental to reduce concentration polarization of electrolytes
during charge—discharge steps, thus producing higher power density. It is fully in
agreement with Li transference number values published for similar SICPs previously
[13,14,38]. Clearly, such value is noticeably higher than values reported for “standard”
liquid electrolytes containing dissolved Li salts, including IL-based electrolytes, cationic
PILs/Li salts and/or salt in polymers (e.g., PEO/Li) [11,13,59-61].

The ESW of the single-ion poly[(LiM17-r-PEGMgs)-b-PhEtM131] block copolymer
was investigated by cyclic voltammetry at 70 °C. The results are shown in Fig. S8. The
anodic breakdown potential of the sample was found to be close to 4.4 V vs. Li*/Li. At
such potential value, the current increase was likely associated with the partial
decomposition of ethylene oxide containing moieties and TFSI functional groups in the
polymer electrolyte [62]. During the second cycle, the intensity of the peaks largely
decreased, along with a shift of the anodic limit up to 4.5 V vs. Li*/Li, which likely
accounts for the growth of a passivation layer at the electrode/electrolyte interface. On
the other hand, the first cathodic reduction presents almost undetectable current peaks
likely associated to the reduction/decomposition process of residual solvent traces from
the synthesis. Indeed, highly reversible couple of peaks are observed between -0.5 and
0.5 V versus Li*/Li, which are clearly associated with lithium plating/stripping process,
confirming the efficient transfer of lithium ions through the polyelectrolyte. The value of
ESW, obtained for the newly synthetized block copolymer accounts for stable and safe
operation with cathodes operating at medium-high voltage, such as commercially
available LiFePO4, mixed phosphates and LiCoO:..
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3.2.7 Lab-scale Li metal cell testing

The electrochemical stability of poly[(LiM17-r-PEGMgg)-b-PhEtM131] block
copolymer was further confirmed by galvanostatic cycling (Fig. 12) in lab-scale cell with
a composite LiFePO4-based cathode in the voltage range between 2.5V and 4 V vs. Li*/Li
(Fig. 12b). The LFP-based electrode was prepared in the form of a catholyte using
poly[(LiM17-r-PEGMgs)-b-PhEtM131] block copolymer as an active binder to enhance the
interfacial contact between solid polymer electrolyte and electrode active materials. The
lab-scale Li/poly[(LiM17-r-PEGMgs)-b-PhEtM131]/LiFePO4 cell was assembled using
neat block copolymer as separator without any further treatment of the electrodes or in
the absence of any plasticizers/enhancers (e.g., solvents, salts). The electrochemical
behavior of the all-solid-state lab-scale cell was investigated by galvanostatic cycling at
70 °C at increasingly high C rates (C/n, n = 20, 10, 5) calculated over the theoretical
specific capacity of the LFP active material (170 mAh g). The rate capability test
performed at different C rates (Fig. 12a) resulted in a specific capacity retention above
95% while moving from C/20 to C/5.

a) 180 b) 4,0

o
0] 09000000004 0000 OO0 4100 an
o000 ]
-
' 140 9320a 30090 &
= {80 ~ 3.8
< 120 23000 Recro oy
£ c/20 ] -
~ 100 cHo H > 32
b 60 S ]
Z cis £ &
& 80 7] 8 324
g w0 3 2
S 604 @ Charge 7 g 304 ——ci20
2 @ Discharge 5 —Cr1o
5 40 ©  Coulombic efficiency 2 = 25 ci5
2 . 1* 8 ——ReC/20
w 204 2,8
9 T T T T T T T T T T T T a T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 0 20 40 60 80 100 120 140 160
Cycle number Specific capacity / mAh 9'1

Fig. 12. Galvanostatic cycling behavior of Li/poly[(LiM17-r-PEGMpgs)-b-PhEtM131]/LFP
solid-state cells at 70 °C. Specific capacity vs. cycle number dependence (a) and
corresponding charge/discharge voltage vs. specific capacity profiles at a constant (b) at
C/20, C/10 and C/5.

Figure 12b shows clean potential versus specific capacity profiles and typical flat
plateaus even upon increasing the current regime, indicating highly reversible and stable

single-phase de-/insertion (charge/discharge) mechanism from/in the LiFePO4/FePQa.
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The small overpotential increase (up to ~0.2V at C/5) was likely ascribed to the relatively
high complex viscosity of the polyelectrolyte, which limits the mobility of the side chains
and the overall Li* conduction. The excellent Coulombic efficiency and capacity retention
at C/20 current rate after several cycles at higher C rates clearly point out the remarkable
electrolyte compatibility with both Li metal and LFP with no electrolyte degradation
and/or severe passivation reactions (Fig. 12a). Improved mechanical properties of
poly[(LiM17-r-PEGMgs)-b-PhEtM131] in comparison with poly[LiM17-r-PEGMgs] along
with suitable ionic conductivity allowed stable and efficient charge/discharge cycling (>
150 mAh g at the first cycle, which corresponds to >94% of the practical specific
capacity (158 mAh g at C/20) provided by the commercial LFP used as the active
material when cycled with a standard LP30 liquid electrolyte (Fig. 13). Excellent cycling
stability and capacity retention were demonstrated even upon prolonged cycling, with
coulombic efficiency (CE) values approaching 100% during the whole cycling test, in
which the lab-scale Li metal polymer cell was able to deliver 131 mAh g* after more than
75 cycles with a capacity retention of 87% (Fig. 13).
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Fig. 13. Galvanostatic cycling behavior of Li/poly[(LiM17-r-PEGMgs)-b-PhEtM131]/LFP
solid-state cells at C/20 and 70 °C.

35



Overall, this is an excellent result, especially taking into account the active material
loading (3.89 mg/cm?), which is sufficiently high for a truly solid lab-scale polymer
electrolyte cell [63] and not too far from standard commercial cells operating with liquid
electrolytes [64]. The remarkable electrochemical performance in terms of high-capacity
output and capacity retention after more than 75 consecutive charge/discharge cycles at
C/20 rate is likely ascribed to the efficient ion transport in the solid polymer electrolyte
and the favorable charge transport due to the optimal electrode/electrolyte interface in the

cell.

4. Conclusions

In this work, we described the synthesis, thermo-mechanical and chemico-physical
properties of novel single-ion conducting block copolymers (A-b-B), possessing
randomly distributed Li-conducting and ion-solvating segments in the first block (A),
which is accompanied by incompatible poly(2-phenylethyl methacrylate) block (B)
providing mechanical strength and initiating phase segregation. Such poly[(LiMy-r-
PEGMnm)-b-PhEtM«]  copolymers  were synthesized by segmental RAFT
copolymerization, allowing to control the length of both blocks. Thus, a series of nine
block copolymers with a range of molecular weights Mnsec) = 24.3 +74.7 kDa (Magnwr)
= 25.8 + 85.9 kDa) and low polydispersity Mw/Mn=1.12 + 1.21 was prepared varying the
content of Li* cations in A-block (LIM/PEGM ratio) and the ratios between ionic and
nonionic blocks (Ma/Mg). The formation of block copolymers was confirmed by
comprehensive set of techniques, including NMR and IR spectroscopy, gel permeation
chromatography (GPC SEC), thermal mechanical analysis (TMA) and atomic force
microscopy (AFM).

AFM images demonstrated two types of morphology: perpendicular hexagonally
packed cylinders (HPC) and perpendicular lamellas. Six block copolymers with low
molecular weights showed the segregation into HPC morphology and their ionic
conductivity was lower in comparison with parent poly[LiMn-r-PEGMm] copolymers.
The long-range-ordered lamellar morphology with the domains length of 34.1 = 38.7 nm
occurred only in high molecular weight block copolymers (Manmr) = 74.1 + 85.9 kDa)
possessing the ratio between ionic (A) and nonionic blocks (B) lower than two (Ma/Mg
<2.0) and the ratio of PEGM:LIM equal to 5:1. The ionic conductivity in such
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poly[(LiM17-r-PEGMgs)-b-PhEtM131] and poly[(LiM17-r-PEGMgs)-b-PhEtM194] samples
(~3.6x107 S/cm at 25°C) was almost approaching the conductivity of initial ionic A-
blocks (4.1x107 S/cm at 25°C) despite the significant decrease in the concentration of
mobile charges. Moreover, these block copolymers showed an improved viscoelastic
performance in comparison with parent poly[LiMi7-r-PEGMgs] copolymer (an
enhancement of four orders of magnitude in complex viscosity and up to five orders of
magnitude in storage modulus at 25°C). Thus, the ionic conductivity in SICP block
copolymers was found to be dependent on their morphology. While cylindrical
morphology resulted in the decrease in ionic conductivity, the lamellar samples exhibited
conductivity comparable to the parent ionic A-blocks. Such results were attributed to the
formation of the nano-sized channels with high concentration of Li cations responsible
for conductivity and poly(PhEtM) based phase accountable for toughness.

The proof-of-concept lab-scale truly-solid-state Li-metal cells were assembled with
the optimal poly[(LiM17-r-PEGMgs)-b-PhEtM131] block copolymer and LFP-based
composite electrode. The Li/poly[(LiM17-r-PEGMgs)-b-PhEtM131]/LiFePO4 cells were
studied at 70°C and provided excellent performances in terms of high specific capacity
output, stability and reversible cycling at high active material loading for a solid-state
system. They were able to deliver 131 mAh g after more than 75 cycles at C/20 rate with
a capacity retention of 86.67%. The most striking advantages of the suggested approach
can be summarized as follows: (1) the possibility to prepare SICP block copolymers with
the control over the molecular weights of both blocks; (2) the ability to control both the
ionic conductivity and morphology of block copolymers simply varying the PEGM/LIiM
and ionic/nonionic blocks (Ma/Mg) ratios; (3) the synthesis of solid polymer electrolytes
with comparatively high ¢ (up to 3.8x107 and 1.0x10®° S/cm at 25 and 70 °C,
respectively) and enhanced mechanical properties; (4) the preparation of single ion
conductors with high lithium transference number (0.96) and high anodic oxidation
stability (4.4 V vs. Li*/Li at 70°C); (5) the assembly of lithium polymer metal batteries
capable to deliver comparably large capacities (up to 150 mAh g at 70°C) and to
reversibly operate at medium current rates (up to C/5). The comprehensive study carried
out on novel materials and synthetic approaches enlightens the promising prospects on
the use of safe, electrochemically stable singe-ion conducting electrolytes in advanced

solid-state Li-metal based battery technologies.
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