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ABSTRACT

Solid-state batteries have attracted intensive attention in recent years for their potential to
overcome the limitations of conventional liquid-electrolyte batteries while allowing for
compatibility with lithium metal electrodes and improving energy density. On the other hand, there
is a growing interest in developing organic electrode materials to supplement existing technologies
while offering sustainable, versatile and potentially low-cost electrochemical storage devices. In
this study, we report the first solid-state Li polymer batteries based on poly(e-caprolactone-co-
trimethylene carbonate) 80:20 random copolymer with 28 wt.% LiTFSI as the electrolyte paired

with high-potential lithiated organic insertion materials namely both magnesium and zinc (2,5-



dilithium-oxy)-terephthalate compounds. This polymer electrolyte showed to be compatible with
the organic electrode, and functional cells could be constructed. The zinc derivative was selected
due to the high ionic potential value of Zn?*, similar to that of Mg?*, and was synthesized in
methanol using a scalable and efficient two-step chemical process. The electrochemical study
pointed out an optimal operation temperature of 60 °C for such solid-state Li polymer batteries
compared to the use of conventional carbonate-based liquid electrolytes at 23 °C. A better stability
upon cycling was observed with the magnesium-based phase while the zinc counterpart shown

more pronounced capacity loss, requiring further investigations.

KEYWORDS: organic battery, solid polymer electrolyte, polyester electrolyte, lithiated organic

cathode, carboxyphenolate, dihydroxyterephthalate salts



Introduction

The revolution in the field of battery technology began with the commercialization of lithium-ion
batteries (LIBs) by Sony in 1991 by offering batteries with significantly higher energy density
and longer lifespans than their predecessors.* The versatility of LIBs has now reached beyond
the portable electronics industry to broader applications like electric vehicles (EVs) and smart
grids.?2 However, the huge advancement in this field is not reflected in the development of
sustainable and renewable technologies within the battery sector. As the global community is
shifting towards a more sustainable and environment-friendly future, the field of battery
technology will be confronted with a necessity for substantial transformation, as underlined by
one of us more than 10 years ago.® The current commercial LIBs are predominantly based on
finite natural resources like cobalt and nickel.* The mining and extraction process of these
materials not only contributes to ecological degradation but also raises concerns about the long-
term viability of these resources. This justifies the potential use of organic electrode materials
(OEMs) as a relevant alternative capable of solving the problem at its root.>® Unlike
conventional transition metal oxide-based electrode materials, OEMs can be derived from
biomass resources or other inexpensive organic compounds through relatively benign processes,
which makes them relatively inexpensive.’~3 Owing to the enormous design flexibility,** OEMs
can be synthesized and modified with a wide range of structures and functionalities, making the
operation in different electrolyte media possible. Numerous reviews on the topic are now

available in the literature, see for example Refs.>1>24,

The conventional liquid electrolytes hinder the implementation of greener technologies like
OEMs due to their high solubility, often leading to a rapid decay in capacity. The liquid

electrolytes also hinders the employment of lithium metal negative electrodes, which offer lower



operating potential and almost tenfold higher capacity than conventional electrodes like
graphite.'®?® In general, lithium metal electrodes exhibit pronounced reactivity in traditional
liquid electrolytes, leading to non-uniform lithium deposition and subsequent formation of
lithium dendrites; this process not only depletes the electrolytes but also significantly contributes
to capacity fading and causes short circuits.?>?® Solid-state electrolytes, both ceramic and
polymeric, are potential alternatives that can mitigate these concerns raised by liquid electrolytes.
Even though ceramic solid-state electrolytes are chemically and mechanically robust, they often
contain expensive and less-abundant elements like lanthanum, germanium, etc., and are
synthesized through very high-temperature processing techniques. On the other hand, akin to
OEMs, solid polymer electrolytes (SPEs) are composed of inexpensive and naturally abundant
elements.® In addition, they offer a high degree of mechanical flexibility that facilitates the
fabrication of batteries in any required geometry. Although many polymer materials cannot be
classified entirely as nonflammable, they exhibit less chance of thermal hazards due to their
negligible vapor pressure. Due to these reasons, SPESs opens up a potential avenue towards a
comparatively safer and better energy storage solutions. This technology deserves much more

attention and rigorous studies to unlock its full potential.

In 1978, Michel Armand introduced the concept of implementing solid polymer electrolytes in
batteries.?” Indeed, such pioneering efforts mainly on poly(ethylene oxide) (PEO) based
electrolytes paved the direction for the realm of SPE research.?-3! Polyether-based electrolytes
especially PEO have been a benchmark SPE research for decades, due to their low glass
transition temperature and reasonable ionic conductivity at the higher temperature range with the
addition of different lithium salts.®>3 A number of studies have been conducted to improve this

SPE through crosslinking,®* the addition of plasticizers,® varying lithium salt concentration,



and other chemical strategies.®’ Interestingly, this solid-state battery configuration not only
alleviates some of the challenges associated with liquid electrolytes but also paves the way for
promising advancements in molecular and eco-friendly energy solutions.®® Since the early 2000s,
the Bolloré group, alongside BlueSolutions, has fueled the research in Lithium Metal Polymer
(LMP®) batteries, based SPEs. This relatively mature technology has been deployed to power
EVs since 2011 and is now globally commercialized across various mobility and stationary
storage domains. The first attempts to integrate OEMs directly into the LMP® technology
demonstrated the feasibility of organic insertion materials to be cycled, however, several
constraints brought about by the high operating temperature (80 to 100 °C), above the melting
point of the SPE.3%4% Hence, it makes sense to investigate fully amorphous polymers, like poly(e-
caprolactone-co-trimethylene carbonate) (PCL-PTMC), which offers a promising alternative to
PEO-based counterparts. At lower temperatures, this copolymer outperforms PEO in terms of
lithium or sodium conductivity, while displaying very high cationic transference numbers and
promising battery cycling capability. Poly(e-caprolactone) (PCL) has a low glass transition
temperature near —65°C, but is semi-crystalline. In contrast, poly(trimethylene carbonate)
(PTMC) is completely amorphous, with a glass transition temperature of around —15°C, thereby
offering lower ionic conductivity. Copolymerization can merge the attributes of these distinct
polymers and render a polymer with the desired characteristics of amorphicity and low Tg. A
significant improvement is achieved when introducing 20 mol% PTMC to PCL, creating a
random copolymer. This modification significantly reduces the crystallinity of the host material,
and the addition of salt effectively removes any residual crystallinity. Through the application of
this copolymer, Mindemark and co-workers have demonstrated enhanced cycling stability at

ambient temperature using low-voltage positive electrode materials such as LiFePQ4.4142



Within this context, we decided to take benefit of our recent developments in synthesizing high-
potential lithiated OEMs to fabricate and electrochemically assess a new design for a Li-organic
rechargeable battery using a solid polyester-polycarbonate electrolyte able to operate at
comparatively lower temperature (< 60 °C) compared to the LMP® technology (80-100 °C
range). In practice, we have implemented magnesium (2,5-dilithium-oxy)-terephthalate
(Mg(Li2)-p-DHT) as positive insertion material*® as well as the corresponding zinc counterpart
phase (Zn(Li2)-p-DHT) in a Li-metal SPE-based cells for the first time. The OEMs have been

selected due to their high operating potential (<E> ~3.45 V vs Li*/Li) similar to that of LiFePO..

Experimental Section
General Methods

Fourier-transform infrared spectroscopy (FTIR) measurements using KBr pellets were recorded
on a FTIR Bruker Vertex 70 in the range 4000 - 400 cm™ with a resolution of 4 cm™. Air-free
pellets were prepared in an argon glove box by mixing the sample at 1 wt.% with spectroscopic-
grade potassium bromide. Direct measurements of polymer samples were recorded using Bruker
ALPHA Platinum-ATR FTIR Spectrometer in the same range. *H liquid NMR spectra were
recorded on a Bruker AVANCE 111 400 MHz. Chemical shifts (&) were calibrated using the
residual peak of the reference deuterated solvent (2.50 ppm for DMSO-ds). NMR solvents used
were purchased from Eurisotop (purity higher than 99.9%). Both Zn and Li contents were
precisely determined by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
using an iCAP 6300 radial analyzer (Thermo Scientific). A mono-element solution of Zn and Li

(1000 ppm, CHEMLAB) were used for the calibration. The X-ray powder diffraction patterns of



the materials were measured on a Bruker D8 Advance diffractometer in Bragg-Brentano
geometry with Cu Kay radiation. The thermogravimetry-differential scanning calorimetry (TG-
DSC) experiments of powder samples were performed under argon with a SENSY Sevo
instrument from Setaram using a heating rate of 5 °C min™ up to 800°C. The polymer was
evaluated through thermogravimetric analysis (TA Instruments Q500), from room temperature
up to 500 °C at a heating rate of 10 °C min*, under nitrogen atmosphere and DSC (using TA
Instruments Q20) from -80 °C to 130 °C at a rate of 10 °C min under nitrogen atmosphere.

Scanning Electron Microscopy (SEM) was performed on a JSM-7600F from JEOL.
Chemicals

2,5-dihydroxyterephthalic acid (Hs-p-DHT, Sigma-Aldrich, 98.0 %), zinc(Il)
bis(trifluoromethane sulfonyl)imide) (Zn(TFSI)2, Solvionic, 99.5 %), lithium
bis(trifluoromethane sulfonyl)imide) (LiTFSI, Solvionic, 99.5 %), lithium methoxide solution
(MeOLi, Sigma Aldrich, 2.2 M in methanol), trimethylene carbonate (TMC, Richman
Chemicals, 99 %), stannous 2-ethylhexanoate (95 %, Sigma-Aldrich), anhydrous methanol
(MeOH, Thermo Scientific 99.9 %), anhydrous acetonitrile (ACN, Sigma-Aldrich, 99.8%),
anhydrous toluene (Acros Organics, 99.8%), were used as received without further purification
and stored in an argon-filled glovebox. e-Caprolactone (CL, Perstorp, 99 %) was distilled under
reduced pressure over CaH: (Sigma-Aldrich, 99.9 %) and stored in an argon-filled glovebox.
Ketjenblack EC-600JD (AkzoNobel) and C-NERGY SUPER C65 (Imerys) were used as

conducting carbon additive for the preparation of the composite positive electrodes.

Synthesis of zinc (2,5-dilithium-oxy)-terephthalate (Zn(Li2)-p-DHT)



The synthesis of Zn(Li2)-p-DHT was entirely performed in an argon-filled glovebox. Into a
homogeneous solution of Hs-p-DHT (1.0 g, 5.1 mmol, 1 eq.) in anhydrous MeOH, (200 mL)
prepared in a round bottom flask, 9.3 mL of MeOL.i (2.2 M in methanol, 20.4 mmol, 4 eg.) was
dripped. A homogeneous light yellow colored solution was immediately obtained and kept for
stirring at room temperature for 1 h. 3.17 g of Zn(TFSI)2 (5.1 mmol, 1 eq) were then added to the
solution. Finally, the flask was sealed, heated up to 60 °C and kept stirring for 16 h. A yellow
precipitate was immediately formed and turned orange while heating. The solution was
centrifuged at 6500 rpm for 30 min to separate the precipitate and washed with 4 x 100 mL
methanol. The as-prepared solid was dried under vacuum at room temperature overnight. Finally,
the sample was subjected to a thermal treatment at 130 °C for 16 h under vacuum in a drying
glass oven (BiichiB-585 glass oven for drying) to obtain pure Zn(Li.)-p-DHT as an orange
powder (yield: 85 %). The absence of residual methanol was confirmed using thermal analysis
and IR spectra. FTIR (cm™): 1600-1575 (vas OC—0"), 1468-1411 (v C=C), 1364 (vs OC—0O"),
1199 (v C—OL1i), 878-809 (v C—H tetra-substituted benzene). *H NMR (400 MHz, DMSO-ds +
few drops of H2S04)8 & (ppm) = 7.15 (2H, s), 7.14 (2H, s); **C NMR (100 MHz, DMSO-ds +
few drops of H2S04): & (ppm) = 171.3 (COOH), 153.0 (C—OH), 120.7 (C—COOH), 118.6 (CH).
Elemental analysis (calculated, found) (wt. %): Zn (23.92 wt.%, 23.45 + 0.07 wt.%, Li

(5.08 wt%, 5.24% + 0.22 wt.%). Further details are reported in SI.

Synthesis of poly(e-caprolactone-co-trimethylene carbonate) copolymer and preparation of

polymer electrolyte film

Synthesis of the copolymer poly(e-caprolactone-co-trimethylene carbonate) (PCL-PTMC) and
fabrication of the resulting SPE films, involving a solvent casting technique, have been reported

elsewhere.*! The formulation included a 28 wt.% concentration of lithium



bis(trifluoromethane)sulfonamide (LiTFSI), calculated based on the total weight of the solid
constituents, excluding the solvent. The entire process was conducted in an argon-filled
glovebox. Post-casting, the films were stacked between Teflon® sheets, hot pressed at 60 °C to
obtain the desired thickness (=200 um), and circular films were punched with a diameter of

16 mm.
Electrochemical characterizations of M(Li2)-p-DHT (M= Mg, Zn) vs Li in liquid electrolyte

Galvanostatic cycling tests of the two active materials in liquid electrolyte were conducted vs Li
in Swagelok®-type cells at 23° C. A Li metal disc was used as the negative electrode and
fiberglass separators (Whatman®) were soaked with the common “LP30” battery grade
electrolyte: LiPFe 1 M in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 vol./vol.) The
composite positive electrodes were simply prepared in an argon environment by blending
M(Li2)-p-DHT with 33 wt.% C-NERGY SUPER C65 using a pestle and mortar.*® The average
weight of these positive powder electrodes was around 5-9 mg. All cells were cycled in
galvanostatic mode using a MPG-2 multichannel system (Bio-Logic SAS, Seyssinet-Pariset,

France).

Electrochemical characterizations of M(Li2)-p-DHT (M= Mg, Zn) vs Li using solid

polycarbonate electrolyte

Positive electrodes made of M(Li2)-p-DHT (M= Mg, Zn) were fabricated by making a slurry
containing 70 wt.% M(Li2)-p-DHT, 15 wt.% C65 carbon black, and 15 wt.% of a PCL-PTMC
copolymer binder in acetonitrile (ACN) using a centrifugal mixer. This slurry was then
uniformly coated over a carbon-coated aluminum foil, forming a positive electrode layer upon

solvent evaporation. Electrode disks of diameter 12 mm were punched out using an electrode



perforator and were then thoroughly dried in a vacuum oven at 80 °C for 16 hours. The polymer
electrolyte was carefully placed over the M(Li2)-p-DHT electrode. For the negative electrode, a
lithium metal disc with a 14 mm diameter was used. These components were assembled into
pouch-type cells within an argon-filled glovebox (Figure S1). The average mass loading of

electrodes was ~1-2 mg cm. An Arbin BT cycler was used for electrochemical measurements.
Electrochemical impedance spectroscopy measurements

EIS measurements were used to study the ionic conductivity of the polymer using the
Schlumberger SI 1260 Impedance/Gain-phase Analyzer. SPEs were placed between two
stainless steel blocking electrodes for this measurement. An alternating current (AC) of 10 mV
was applied across a frequency spectrum ranging from 1 Hz to 10 MHz for different
temperatures ranging from 25 to 100 °C. For improved interfacial contact, the cells, configured
as a CR2032 coin cells, were subjected to a heating step at 90 °C for an hour. Subsequently, the
cells were allowed to cool overnight before the day set for measurement.** Prior to each new
measurement, the samples were allowed to reach a stable temperature for 30 min. Post-
measurement, the data were fitted using ZView® software, Scribner Associates to a modified
Debye circuit model for temperature below 60 °C (Figure S2) or by measuring the intercept at on
the real axis of the Nyquist plot, to obtain resistance (Ry) of bulk electrolyte. The ionic
conductivity was subsequently calculated using the formula o= L/(Ry x A), where L represents
the thickness of the polymer electrolyte film, and A is the contact area between the electrolyte

and the electrode. 14245
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Result and Discussion
The Zn(Li2)-p-DHT phase, chemical synthesis approach and characterizations

We have formerly developed an original chemical approach for the synthesis of a series of
innovative lithiated and lamellar organic active materials based on the general formula

M35 (Liy)-p-DHT (M™ = Li*, Mg?*, Ca?*, and Ba?*) and pinpointed a quasi-linear correlation
between the average operating potential <E> of M;,(Li,)-p-DHT against the ionic potential (IP)
of M™; the latter being formally a spectator cation.*® Thus, the Mg?* cation with its quite high IP
value of 3.076 enables to reach an <E> value of ~3.4 V vs Li*/Li, which is at the state of the art
for an organic lithiated insertion material.*® Assuming an extension of this empirical correlation
to (i) the 3d-block elements and (ii) an equivalent 2-D structural arrangement with the M™
spectator cation (coordinated through both carboxylates and phenolates),* a similar <E> value
could be anticipated with the Zn?" cation due to its IP value of 2.816 (Table S1). Vlad group has
indeed shown that other p-DHT*—Li*/M™ coordination modes such as in the archetypal CPO-27
Metal—Organic Framework (MOF) induce quite different electrochemical properties in the solid

state.*’

Our previous synthesis route to produce Mg(Li2)-p-DHT involved first the intermediate
compound Mg(H.)-p-DHT-6H20, by neutralizing the carboxylic acid groups in Hs-p-DHT with
Mg(OH)2) in aqueous solution prior to the neutralization reaction of the hydroguinone moiety.
However, the amphoteric nature and limited solubility of zinc hydroxide in water render this
method ineffective for producing the Zn(Li2)-p-DHT compound. A novel, efficient, and scalable
chemical synthesis method was therefore developed inspired by the chemical route reported by

Chen group to obtain Lis-p-DHT.*8 For the latter, 2,5-dihydroxyterephthalic acid (Hs-p-DHT) is

11



fully neutralized with MeOL.i in a methanol solution leading to the precipitation of the solvate
Lis-p-DHT-CH30H. However, by reproducing this chemical route, we experienced that the
precipitation can be avoided through reducing the initial concentration of reactants, making a
homogeneous solution of dissociated p-DHT*-/Li* ions in methanol possible. Then, the simple
addition of the appropriated stoichiometry of Zn(TFSI), powder induces an orange colored
precipitate (Scheme 1). The precipitate was identified as non-solvated Zn(Li2)-p-DHT after
drying at 130 °C in vacuum according to TG/DSC analysis (Figure S3), FTIR measurement

(Figure 1a), and both liquid *H/**C NMR spectroscopy (Figure S4).
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Scheme 1. Top: Synthesis route for producing M(Liz)-p-DHT (M = Mg, Ca, and Ba);** Down:
Novel synthesis route to selectively prepare Zn(Liz)-p-DHT from solvated p-DHT*/Li* ions in

MeOH.
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Figure 1. (a) Overlaid FTIR spectra (a) and X-Ray powder diffraction patterns (b) of Zn(Li2)-p-

DHT (brown) and Mg(Li2)-p-DHT (blue).

Interestingly, the FTIR spectra analysis reveals that both Zn(Li2)-p-DHT and Mg(Li2)-p-DHT
share identical vibration peaks including the fingerprint region, which indicates a quite similar 2-
D structural arrangement in the solid state. This observation was further confirmed by PXRD
(Figure 1b) since the two crystalline phases display matching peak positions with, however, a
noticeable broadening of the diffraction peaks for Zn(Li2)-p-DHT suggesting a less crystalline
phase for this salt. Finally, the Zn and Li contents measured by ICP-AES elemental analyses

confirmed the expected stoichiometry for Zn(Li2)-p-DHT (Figure S5).

Comparison of electrochemical cycling performance of M(Liz)-p-DHT (M = Zn, Mg) vs Li in

conventional liquid electrolyte

Electrochemical investigations vs Li were performed in Swagelok®-type cells, according to a

procedure similar to the one previously reported for Mg(Li2)-p-DHT using LiPFg 1 M in
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EC/DMC (LP30) by scanning the potential range 2.4—4 V vs Li*/Li, at a cycling rate
corresponding to one Li* exchanged per Zn(Li2)-p-DHT in 5 h.** Scheme 2 shows the expected
electrochemical reaction limited to half of the theoretical value since the fully oxidized quinone
form was never observed in all our former experimental studies on lithiated DHT-based

electrode materials.2®434%%0 The explanation will be reported in an upcoming paper.
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Scheme 2. Expected delithiation/lithiation process at the molecular level for Zn(Li2)-p-DHT

based on a reversible one-electron reaction giving rise to the semi-quinone radical form.

Figure 2 compares the typical galvanostatic charging—discharging profile related to Zn(Liz2)-p-
DHT with former data recorded in similar experimental conditions for the Mg counterpart phase.
In short, the electrochemical behavior for Zn(Li2)-p-DHT pointed out an efficient reversible
delithiation/lithiation process but also an average working potential located at ~3.4 V vs Li*/Li,
as anticipated based on the IP value of Zn?* and considering an equivalent 2-D structural
arrangement between both Mg and Zn phases. The similarities and differences of the two cycling
curve profiles can also be visualized by plotting the differential capacity curves and the
normalized potential-capacity traces (Figure S6). While the magnesium compound reveals a two-
phase region from Mg(Li2)-p-DHT to Mg(Liv4)-p-DHT, the cycling curve for Zn(Li2)-p-DHT

appears featureless compatible with a solid solution process. As also expected, the related
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coulometric measurements confirms that the reversible capacity is still limited to one-electron
reaction; the Kolbe decarboxylation reaction occurring beyond 4.1 V vs Li*/Li. This new
lithiated insertion material achieved an initial specific charge capacity of 85 mA h g close to the
theoretical specific capacity (i.e., 98 mAh g based on one-electron exchange per p-DHT
moiety). There was a slight decrease in terms of capacity retention upon cycling (64.3 mAh g*
after 50 cycles) as shown in Figure 2b. In comparison, Mg(Li.)-p-DHT demonstrated a capacity
retention of 99.9% after 50 cycles (Figure 2c-d). A simple explanation could be related to the
iono-covalent character of the M—O bond. As the size of the cation decreases, its polarizing
power increases and the covalent contribution becomes more significant. Consequently, the
covalent contribution in the Mg—O bond is higher than in the Zn—O bond giving rise to a better
stability of the Mg(Li2)-p-DHT network. Additional electrochemical measurements were then
performed on the Zn(Li2)-p-DHT compound at 0 °C and 45 °C (Figure S7). Although the same
electrochemical profile was found at these two temperatures, only 70 mAh g* were recorded
after the first charge at 0°C but paired with good stability upon cycling. This behavior is quite
common and simply reflects kinetic limitations in electrode operation. At 45 °C, the active
material delivers a capacity in charge slightly exceeding the theoretical capacity while showing
low cycling stability and poor coulombic efficiency. This feature can be attributed to parasitic

reactions and probably to a certain thermal sensitivity of this active material.
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Figure 2. Charge/discharge electrochemical performance of M(Li2)-p-DHT (M = Zn, Mg)

electrode material vs Li, galvanostatically cycled in LiPFs 1 M in EC/DMC at a rate of 1 Li*/5 h.

(a) Potential vs specific capacity curve (cycle no. 1, 2, 10) using Zn(Li2)-p-DHT as the active

electrode material; the green circle indicates the starting potential and (b) corresponding capacity

retention curve of Zn(Li2)-p-DHT. (c) Potential vs specific capacity curve (cycle no. 1, 2, 10)

using Mg(Li2)-p-DHT as the active electrode material and (d) corresponding capacity retention

curve from ref. %3,
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Last but not least, it was possible to update our former correlation based on both FTIR and
electrochemical data,*® by the addition of Zn(Li2)-p-DHT as a new material example (Figure 3).
For the sake of comparison, Figure 3a summarizes first the representative FTIR spectra of

M5 (Liy)-p-DHT (M™ = Li*, Mg?*, Ca?*, Ba?*, and Zn?*) focused on the fingerprint region,
which highlights the most obvious band shifts depending on M"*. As previously reported,*® the
average position of the vas(COO™) band was particularly monitored because the latter is known to
be sensitive to the electron density on the carboxylate carbon; its shift to higher wavenumbers is
correlated to an electron density decrease.>! The shift of the v(CO—-Li) vibration band could also
be used®? since M™ is supposed to be coordinated through both carboxylates and phenolates.
Figure 3b shows this updated correlation demonstrating the Zn phase belongs to the quasi-linear

trend previously found when plotting both vas(COO™) and <E> against the IP value of M,
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Figure 3. (a) Overlaid FTIR spectra of M3, (Li,)-p-DHT (M™ = Li*, Mg?*, Ca?*, Ba?*, and
Zn?*) focused on the fingerprint region showing close similarities of bending vibrations within
this family of lamellar organic materials and obvious shifts depending on the spectator cation
M"™ within the structure. Note that vas(COQO") involving multiple vibration bands, the dotted line
shows the average trend. (b) Correlation between the asymmetric vibration mode of the

carboxylate functional group (vas(COQ")) and the average operating potential related to one Li*

extraction/insertion for this series of materials.

PCL-PTMC as the electrolyte, synthesis and characterizations
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It has formerly been reported that SPEs composed of an 80:20 PCL-PTMC copolymer ratio, with
a LiTFSI salt concentration of 28 wt.% or higher, demonstrate optimal ionic conductivity
without compromising mechanical characteristics.*>>® Hence, we selected this specific polymer
composition for all our experiments. The TGA traces of PCL-PTMC polymer with and without
LiTFSI salt are given in the Figure 4a. This polymer electrolyte is very stable up to 200 °C. The
the plateau at around 360—410 °C, roughly proportional to the amount of salt in the electrolyte
sample, is as expected absent in the curve of polymer without salt.>* Figure S8 shows a DSC
curve of PCL:PTMC polymer with 28 wt% LiTFSI salt, indicating a sufficiently low T4 value of
—38 °C. Electrochemical impedance spectroscopy studies of the polymer electrolyte was
conducted at different temperatures to understand the temperature dependence of ionic
conductivity of the polymer electrolyte, and the corresponding Nyquist plot and conductivity
plots are given in Figure 4b-c, respectively. In the Nyquist plot, the disappearance of the semi-
circle is observed at 60 °C. At a temperature greater than or equal to 60 °C, the impedance
showed purely resistive behavior. The FTIR spectrum of the polymer electrolyte (Figure 4d) with
and without LiTFSI shows a similar trend as in previously reported literature®® and exhibits

characteristic peaks of the PCL-PTMC co-polymer with the LiTFSI salt (Figure S9).>
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Figure 4. (a) TGA traces of PCL-PTMC polymer with and without LiTFSI salt performed under
nitrogen atmosphere at a heating rate of 10 °C.min* (b) Nyquist plots of PCL-PTMC: LiTFSI
SPE at different temperatures (c) lonic conductivity vs temperature plot with
Vogel-Fulcher—Tammann (VFT) fitting shown as dotted lines (d) FTIR spectra of PCL-PTMC:

LiTFSI SPE.

Comparison of the electrochemical cycling performance of M(Li2)-p-DHT (M = Zn, Mg) vs Li in

solid polyester-polycarbonate electrolyte
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For the electrode formulation used for testing with PCL-PTMC: LiTFSI polymer electrolyte, we
employed the very same PCL-PTMC polymer as an electrode binder too, expecting an enhanced
interfacial contact and a continuity in ionic conduction throughout the volume of the electrode.
This approach aims to compensate the challenges posed by the inherent rigidity of solid
electrolytes when infiltrating the porous structures in the electrode. Figure S10a displays a SEM
cross-sectional view of the as-obtained composite electrodes designed for the testing with SPE.
Figure S11b reveals the intricate network of polymer filaments enveloping the entirety of active
material and carbon black. Following an extensive series of electrochemical testing across
various temperatures and subsequent analysis of conductivity data for the PCL-PTMC SPE, we
identified 60 °C as the optimal operational temperature for the Li | PCL-PTMC:LIiTFSI | M(Li2)-
p-DHT assembly. At this temperature, the ionic conductivity is sufficient for the cycling rate
employed and the polymer is soft enough to ensure good interfacial compatibility with the
electrodes. At the same time, it still possessed the mechanical properties at 60 °C to separate the
electrodes without the employment of any external separator. All cells were subjected to a rest
period at 60 °C prior to cycling to enhance the contact at interface; effect of this pre-conditioning
step is demonstrated in Figure S11. Finally, such activated cells were also cycled at different
temperatures. Figure S12 depicts the potential vs specific capacity curve for Li | PCL-
PTMC:LIiTFSI | Mg(Li2)-p-DHT pouch cells cycle at 25 °C, 40 °C, 60 °C, and 80 °C,
respectively. We observed that when the cells are cycled at 25 °C, we obtained stable cycling but
the significant polarization is limiting the cell to reach its maximum achievable specific capacity,
primarily due to the lower ionic conductivity of the polymer electrolyte at this temperature
(Figure 4c) which is evident from the EIS data, also inadequate contact at the electrode-

electrolyte interface contributes to this problem. As anticipated, a reduction in polarization was
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observed at 40 °C, but yet a considerable degree of polarization persisted, leading to a low
specific capacity. At a temperature of 80 °C, in turn, a more significant fading in capacity is
evident, where the capacity after 10 cycles falls below that observed at 60 °C. This may be due to
undesirable side reactions that are more prevalent at higher temperatures as also observed in
liquid electrolyte medium (Figure S7b), or that the polymer is too soft to withstand formation of
dendrites or mossy lithium at the anode. At 60 °C, the characteristics of the charge-discharge

curve almost matches those of a cell tested in regular liquid electrolyte (LP30).

Mirroring the electrochemical performance observed with liquid electrolytes, the Mg(Li2)-p-
DHT exhibits an initial specific discharge capacity of x99 mAh g* and an average operating
potential of ~3.4 V vs Li*/Li (Figure 5a), with a decent capacity retention over 50 cycles for this
unoptimized first electrochemical testing (Figure 5b). This highlights the excellent compatibility
between a terephthalate-based OEM and a SPE in a soft solid-state system. Similarly, the charge-
discharge profile of Zn(Li2)-p-DHT in SPE mirrors its performance in liquid electrolyte, both
displaying an initial specific discharge capacity ~85 mAh g and an average operating potential
of 3.4 V vs Li (Figure 5c¢). However, in contrast to Mg(Li2)-p-DHT, Zn(Li2)-p-DHT shows
pronounced capacity fading in PCL-PTMC: LiTFSI polymer electrolyte (Figure 5d). Further

studies is essential to elucidate the reasons for this problem.
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Figure 5. Electrochemical charge/discharge performance of M(Liz)-p-DHT (M = Zn, Mg)
electrode materials vs Li, galvanostatically cycled in PCL-PTMC:LIiTFSI SPE at a rate of

1 Li*/10 h; at an operating temperature of 60 °C. (a) Potential vs specific capacity curve (cycle
no. 1, 2) using Mg(Li2)-p-DHT as the active electrode material; the green circle indicates the

starting potential. (b) Corresponding capacity retention curve of Mg(Li2)-p-DHT. (c) Potential
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VS

specific capacity curve (cycle no. 1, 2) using Zn(Li2)-p-DHT as the active electrode material; the

green circle indicates the starting potential and (d) corresponding capacity retention curve of

Zn(Liz)-p-DHT.
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Conclusions

In this study, we report the successful development of a new organic positive electrode material,
Zn(Li2)-p-DHT, through a novel, scalable synthesis approach and its compatibility with a solid
polymer electrolyte. The synthesis of the active material was motivated by the high IP of Zn?*
similar to that of Mg?* by taking into account our recent empirical correlation between the
average operating potential of lamellar M3}, (Li,)-p-DHT insertion materials vs the IP value of
Mn*. This electrode material demonstrated an initial specific capacity of 85 mAh g (theoretical
capacity ~ 98 mAh g*) when tested in a standard LP30 liquid electrolyte, with a notable capacity
retention and high coulombic efficiency of 98.9%. Furthermore, the compatibility of Zn(Li2)-p-
DHT, as well as the previously reported Mg(Li2)-p-DHT, with SPE (PCL-PTMC co-polymer)
was investigated, representing a pioneering advancement in the realm of Li-organic soft solid-
state battery systems, opening new avenues for the development of advanced energy storage
systems that are cheaper, safer and more sustainable. While this SPE has shown to be functional
with inorganic cathodes at room temperature, operational temperatures of 60 °C were here
necessary for useful cell performance, which can be hypothesized to origin from resistances in
the interface between the organic electrode and the SPE. This could potentially be engineered in

the future.

Our findings indicate that both Zn(Li2)-p-DHT and Mg(Li2)-p-DHT exhibit identical
electrochemical behaviors in conventional liquid electrolyte and SPE, under the optimal
operational temperature of 60 °C. This behavior shows the potential of this combination of
materials to function as the foundation for a new class of electrochemical energy storage

solutions.
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Notably, Zn(Li2)-p-DHT has shown promising capacity retention over 50 cycles in liquid LP30
electrolyte. In contrast, the Zn(Li2)-p-DHT electrodes have large capacity loss in SPE,
suggesting the need for further in-depth studies to understand and overcome this limitation. In
conclusion, this work opens a novel and effective solution for the developing safer, more

sustainable electrochemical energy storage systems.
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