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A Cradle-to-Cradle Approach for Successive Upcycling of
Polyethylene to Polymer Electrolytes to Organic Acids

Jerald Y. Q. Teo,*? Ming Yan Tan,+? Dorsasadat Safanama,? Sheau Wei Chien,? Yixuan Jiang,®® Lewis
Queh,? Tristan T. Y. Tan,? Ding Ning,® Derrick W. H. Fam 2%9* and Jason Y. C. Lim ¢*

Polymer electrolytes are poised to increasingly dominate energy storage devices such as lithium ion batteries (LiB) in the
near future. Although this has spurred development of new generations of polymer electrolytes derived from alternative
non-petroleum feedstock by valorising societal waste, the solid electrolyte materials’ end-of-life has thus far been largely
overlooked, which can contribute to growing environmental and plastic waste pollution. To address this, we demonstrate
herein a cradle-to-cradle upcycling approach for polymer electrolytes derived from polyethylene —the most abundant waste
plastic produced annually. Polyethylene was first aerobically activated using N-hydroxyphthalimide organocatalysts, and
subsequently modified to yield polyethylene-graft-polyester copolymers. Both components of the copolymer played
synergistic roles to enable them to perform well as solid and gel polymer electrolytes with appreciable ionic conductivities.
A prototype LiB cell formulated using the PE-derived copolymer as gel polymer electrolyte showed high Coulombic efficiency
and excellent retention of charge/discharge capacity. Notably, we demonstrated the ease of chemically upcycling these
post-use PE-polyester polymer electrolytes through organocatalytic oxidation to yield industrially-relevant, short-chain
dicarboxylic acids. Our method is tolerant to common additives such as lithium salts, even in significant quantities, thus
enabling the polymer electrolyes to be directly upcycled without any additional pretreatment. Our approach of upcycling
waste plastics into functional polymer electrolyte materials, which are in turn feedstock for further value creation at the end
of their lives, provides a viable value chain for sustainable polymer electrolyte materials which can also be applicable to

other functional materials derived from waste plastics.

Introduction

With increasing demand for electrification and consumer
electronics worldwide, the market for portable and
rechargeable high-performance energy storage systems such as
lithium ion batteries (LiBs) is expecting strong unabated growth
for the foreseeable future. As an essential component of LiBs,
electrolytes dictate the battery’s electrochemical performance,
stability and safety. In recent years, polymer electrolytes are
gaining popularity over solvent-based liquid electrolytes due to
their reduced risk of dendrite formation, which can cause short
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circuitry, overheating and thermal runaway. 2 Thus, they can
be expected to partially replace conventional liquid electrolyte-
containing LiBs in the coming years.? Although a number of
petroleum-based polymers such as polyethylene oxides (PEOs)
have been successfully applied in real-life LiBs used in electric
vehicles,* increasing global demand has driven attempts to
develop more sustainable alternatives.> ¢ Other than being
produced from low-cost, renewable feedstock, the material’s
end-of-life is another important, but often overlooked, aspect
of sustainable electrolyte design.”® Indeed, with increasing
consumption of batteries, the need to develop strategies for
post-lifespan treatment of waste battery materials will become
increasingly urgent to reduce the environmental impact and
recover the cost of raw materials (typically minerals).10
Although recycling batteries to recover precious metals has
been the main focus of the industry, the increasing popularity
of polymer-based solid state batteries presents a pressing need
to uncover viable solutions for treating the used polymer
electrolytes. While natural polysaccharides (e.g. cellulose,
chitosan, carrageenan) and their derivatives have been
explored as polymer electrolytes,113 their crystallinity can be
difficult to control and can give rise to poor ionic conductivities.
This results in the need for creation of blends and composites!3
which can later complicate end-of-life processing.’* Therefore,
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strategies for effective post-usage treatment of polymer
electrolyte materials produced from sustainable sources that
are also tolerant to different additives (e.g. lithium salt) present
in the electrolyte formulation, is of urgent necessity.

Against this backdrop, the exploitation of low-cost, readily
available societal waste as alternative feedstock for sustainable
electrolyte production is highly desirable. Successful
applications of polycarbonates synthesised from CO,° and
poly(glycidols) from glycidol — a by-product of epichlorohydrin
production?® — have been reported. Other than these feedstock,
plastic waste holds immense potential for upcycling into
functional polymers. This exploits and transcends the inherent
chemical and physical properties of plastics for more
economically-valuable applications,6-20 whilst simultaneously
keeping them in sustainable material loops. Plastics containing
cleavable linkages along their polymer backbones, such as
bisphenol A polycarbonates?! and poly(ethylene terephthalate)
(PET) polyesters, have been shown to be viable starting
materials for polymer electrolytes in working cell prototypes.??
Notably for the latter, the rigid aromatic segments of PET were
essential for achieving mechanically-robust conductive polymer
electrolyte films. However, upcycling of plastics containing
saturated, chemically-unreactive C—C polymer backbones,
which constitute close to 60% of global plastic waste
production,?3 has thus far remained elusive.

Herein, we report a proof-of-concept cradle-to-cradle
approach where polymer electrolytes produced from low-cost,

Journal Name

abundant polyethylene (PE) plastic, can be converted,postsuse
to aliphatic organic acid feedstock forDgivErse3dpplicatichs
(Figure 1). PE, the most abundant class of waste plastics
produced,?® is post-synthetically chemically modified and
upcycled into functional non-polyethylene oxide (PEO)-
containing copolymers suitable as both solid and gel polymer
electrolytes. To achieve a simple, readily-accessible polymer
design from PE, the non-polar PE main chain was grafted
covalently with pendant polar polyester segments (PCL?*/ PLA)
to form amphipathic branched copolymers. Other than
potentially facilitating ionic transport,?> 2¢ introduction of
branching through the pendant polyester segments is expected
to suppress polymer crystallisation,?” forming more amorphous
regions that may facilitate ion transport. A prototype coin cell
assembled shows promising electrochemical and cycling
performance. Furthermore, we demonstrate the possibility of
upcycling these PE-derived polymer electrolytes into valuable
C4—C6 dicarboxylic acids that are useful for applications ranging
from pharmaceutics to chemical precursors, overcoming the
difficulties of recycling copolymers which can contaminate
recyclates. Notably, this process is unaffected by the significant
quantities of LiTFSI present in the polymer electrolyte
formulations. The simplicity of our PE-derived polymer
electrolyte design, promising performance as a LiB prototype,
and post-usage polymer end-of-life upcycling into useful diacids
can offer new cradle-to-cradle opportunities for sustainable
energy storage materials derived from waste plastics.

PE backbone allows for
formation of robust films

.
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Figure 1. The cradle-to-cradle concept of upcycling post-use polyethylene to graft copolymers which can be used as polymer
electrolytes for energy storage, and thereafter further valorising the end-of-life polymer electrolytes into industrially-relevant

dicarboxylic acids.
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Results and Discussion

Synthesis and Characterisation of PE-derived Polymer Electrolytes

To synthesise our targeted PE-derived polymer electrolytes, the
C—H activation of PE to introduce reactive functional groups
onto the polymer structure is necessary (Figure 2). In this
regard, oxygenated groups such as alcohols are particularly
useful, as they can be initiating sites for ring-opening
polymerisation (ROP) of cyclic lactones, allowing convenient
grafting of polycaprolactone (PCL) as reported by Hartwig,?* as
well as polylactic acid (PLA) segments onto the main PE polymer
chain that can facilitate ionic transport.?> For PE activation,
usage of O, as an oxidant is preferred?® as this eliminates the
need for organic oxidants which would generate stoichiometric
quantities of waste. As a result, N-hydroxyphthalimide (NHPI)
organocatalysts were chosen for their efficacy in PE oxidation,?®
and to avoid usage of transition metal catalysts which can
degrade battery performance if incompletely removed.3° First
introduced by Ishii and coworkers,3 NHPIs are attractive
organocatalysts for the aerobic oxidation of hydrocarbons
because of their low-toxicity, high activities under mild
conditions,3? and ease of synthesis using green solvents such as
acetic acid.33 34 NHPIs are precursors of the phthalimide N-oxyl
(PINO) radical, which is the key catalytic species responsible for
hydrogen abstraction from C—H bonds to promote the O,-
mediated oxidation process.3> By varying the substituents on
NHPI, which affects the hydrogen abstraction activation energy
of the PINO radicals,3® the extents of activation and selectivity
for PE oxidation may also be modulated.

The aerobic oxidation reaction with PE resins was first
performed in the presence of 2.5 mol% of Cl;-NHPI in 1,2,4-
trichlorobenzene (TCB) at 120 °C in air. Product characterisation
by *H NMR spectroscopy (C,D,Cls, 80 °C) reveals a signal at 6§ =
2.40 ppm corresponding to a-protons of carbonyl groups on PE
(Figure 2A).37 Discernible signals at 6§ = 3.92 ppm (-CH-CI-), 3.61
ppm (-CH-OH-), and 2.32 ppm [HO-C(O)-CH,-] also indicate
some degree of chloro, alcohol and carboxylic acid
functionalisation respectively. Chloro-substitution may be
attributed to radical abstraction from the TCB solvent.38 Based
on the relative integration of each of the aforementioned
signals to that of the unreacted methylene groups of PE (0.7—
1.8 ppm), the total degree of functionalisation (TF) is calculated
to be 2.4% of PE’s repeating units, with predominant carbonyl
selectivity (63%) (Figure S1). The presence of carbonyls is
corroborated by 13C NMR analysis, whereby resonances at § =
211.3 and 42.9 ppm correspond to the carbonyl and a-
methylene carbons respectively (Figure S2). The FTIR spectrum
(Figure S3) showed a broad absorption peak at 1714 cm™! from
the overlapping C=0 stretch of ketones and carboxylic acids,
and alcohols were discerned by the broad O—H absorption band
at 3294 cm™! and diagnostic C—O stretch at 1101 cm™. PE
functionalisation was further verified by XPS analysis (Figure
S4), where peak fitting of the high-resolution Cls and Ols
spectra revealed component peaks corresponding to C—0/C—
OH, C=0 and O—C=0 chemical states.3® High-temperature GPC

This journal is © The Royal Society of Chemistry 20xx
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analyses (Figures 2B, S5) revealed thatDsdrhelQHE R SEISsT8A
occurred during PE oxidation, with the termini of the oligomers
likely containing carboxylic acid groups. Control experiments
(see Section S2.1) revealed that replacing air (21 % O,) with a
pure O, atmosphere gave similar TF with greater extent of chain
scission, whilst the absence of Cl;-NHPI or O, elicited no
discernible oxidation. Additionally, the necessity of solvent was
demonstrated as very low degrees of functionalisation (TF =0.3)
with poor selectivity resulted when the reaction was repeated
with neat molten PE at the same temperature (Figure S6).
Compared to 1,1,2,2-tetrachloroethane (TCE),?° TCB elicited
greater selectivity for carbonyl installation on PE at the expense
of TF.

A family of NHPI derivatives3® 34 were then probed to
identify the most suitable organocatalyst for PE oxidation
(Figure 2B). All catalysts attempted were soluble at 2.5 mol%
loading in TCB for PE oxidation. As shown in Figure 2B, carbonyl
functionalisation on PE was dominant for most NHPI
derivatives, with varying relative proportions of alcohol, acid
and chloro groups. Compared to Cl;-NHPI, unsubstituted NHPI
resulted in lower TF, though only carbonyl and chloro groups
were observed by 'H NMR analysis (Figure S7). For the
tetrahalo-substituted NHPIs, the TF seen for Cl;-NHPI exceeds
that of F4~-NHPI, which mirrors earlier findings of more electron-
deficient PINO radicals being more reactive towards hydrogen
abstraction by increasing their NO-H bond dissociation
energies.?® F,-NHPI is also notable for giving the highest
carbonyl selectivity amongst all organocatalysts tested. Even
with a lower solubility of 0.5 mol% in TCB, Br,-NHPI could elicit
a higher TF of 1.8 compared with F4-NHPI, indicative of its high
reactivity for PE oxidation. Amongst the different fluorinated-
NHPI derivatives, 3-F-NHPI and 3,6-F,-NHPI gave the highest
TFs. Changing the position of fluorine substitution caused a
drastic reduction in TF seen for 4F-NHPI, clearly demonstrating
the important influence of positional isomerism on NHPI
electronics. Despite different aromatic substituents significantly
influencing the rate of PINO radical decay,*! it is likely that
electronic effects on PE hydrogen abstraction dominates, as Cls-
and 3-F- substitution give higher TF than their F4- and 4-F-
counterparts, respectively, despite the former’s more rapid
decay.”* Notably, no C—H oxidation was observed in the
presence of N-hydroxysuccinimide (NHS), TEMPO and
hydroxybenzotriazole (HOBt) (Figures S14—16), in spite of their
good solubility at 2.5 mol%, showing the necessity of the NHPI
motif for appreciable aerobic PE oxidation to occur. High-
temperature GPC analyses revealed that generally the more
active NHPI catalysts that elicited greater degrees of
functionalisation also resulted in more pronounced PE chain
scissions.

Considering its commercial availability and the ability to
achieve one of the highest TFs while inducing lower extent of
chain cleavage compared to 3,6-F,-NHPI| and 3-F-NHPI, Cl4-NHPI
was chosen as the catalyst of choice. After commercially-
available HDPE resins were oxidised with Cl;-NHPI, reduction
with NaBH,; afforded PE with predominantly hydroxyl
functionalisation. This was subsequently subjected to ring-

J. Name., 2013, 00, 1-3 | 3
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opening polymerisation (ROP) with e-caprolactone and L-lactide  unlike the hydroxylated PE (PE-OH) precursor.?* FTJB analysis.ef
to afford PE-PCL (78 wt% PCL) and PE-PLA (76 wt% PLA) the PE-PCL copolymer also showed charaetekistiéoabsorbaree
copolymers respectively (Figure 2C, further characterisation in  peaks corresponding to PCL which were absent in the PE-OH
Figure S20). The formation of these polymers was evident from  precursor (Figure S17). It is notable that real-life HDPE waste
the appearance of the resonances at 4.86 ppm (CDCl;) for PE-  plastic bags could be similarly oxidised by Cl;-NHPI under the
PCL and 4.88 ppm (CDCI3) for PE-PLA, corresponding to C,-H on  same reactions  to afford predominant  carbonyl
the PE segment bonded directly to the grafted polyesters as functionalisation (Figure S22), thereby suggesting the possibility
previously reported by Hartwig and coworkers (PE-PCL).?* of converting real-life waste PE to functional polymer
Additionally, both copolymers were soluble in chloroform, electrolytes.

(A) Oxidative activation of polyethylene

CHgS
N TCE of PE
n
PE bl
4 J
Cly-NHPI (cat.) " Al ‘ &
TCB, air j\“n‘ /_,',J‘ “'ﬂ. e ‘
120°C, 24 h i stiiitre: | I —
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(B) Effects of organocatalyst structure on PE oxidation
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Figure 2. (A) Cl;-NHPI-catalysed PE aerobic oxidation and *H NMR spectrum (TCE-d,, 80 °C) of the oxidised polymer; (B) Effects of
different NHPI-derived organocatalysts on PE oxidation, with TF values determined by *H NMR analyses (Figures S7—16). Values of
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M, and polydispersity (D) are determined by high-temperature GPC analysis in TCB (Figure S5), with PE starting materjal haying M.
= 6870 and b = 12.7. Melting (T,) and crystallisation temperatures (T.) were determined by DSC analyses (2PCH&ating dy¢léPavith
Tm and T, of PE starting material = 94.0 °C and 78.5 °C respectively; (C) Conversion of the activated PE to PE-PCL and PE-PLA graft-
copolymers through successive reduction and ring-opening polymerisation, with (i, ii) 'H NMR spectra (CDClz) and (iii) TGA

measurements of the copolymers shown.

The thermal properties of the PE graft-copolymers were
then investigated by TGA and DSC analyses. From the TGA
measurements, an onset of decomposition above 200 °C was
observed for both PE-PCL and PE-PLA (Figure 2C), which was
well above typical battery operating temperatures. The first
thermal degradation peak, centred around 320 °C and 260 °C
for PE-PCL and PE-PLA respectively (based on derivative
thermogravimetry, Figure S23), corresponds to decomposition
of the polyester segments. In both cases, thermal
decomposition of the PE segment only commenced above 400
°C, which was similar to that of the PE-OH precursor (Figure
S24). DSC measurements (Figure S25A) revealed two distinct
endothermic peaks for PE-PCL centred at 48 °C and 113 °C,
which correspond to the melting temperature (T,,) of the PCL
and PE segments respectively,?* thereby suggesting the
likelihood of microphase separation between both copolymer
segments.*2 In contrast, PE-PLA demonstrated greater
homogeneity as indicated by its single well-defined T,,, at 108 °C
(Figure S25B). Although distinct T, values were not observed by
DSC measurements for the PE-PCL copolymer, we expect values
of <-40 °C based on typical T, values of <50 °C** and <-100 °C
for PCL and HDPE#* respectively. Both PE-polyester copolymers
were semicrystalline, and their percentages of crystallinity were
determined to be 11.7% and 19.6% for PE-PCL and PE-PLA
respectively through DSC analyses (Figure S25). Their
semicrystalline nature was corroborated through XRD analyses,
showing the presence of crystalline peaks arising from both PE
and polyester segments (PE-PCL: 26 = 21.2° and 23.5° arising
from either HDPE*> or PCL%¢; PE-PLA: 26 = 21.2° from HDPE, and
16.4° and 18.7° from PLLA%?) (Figure S26).

Performance of Polymer Electrolytes

The applications of the PE-polyester copolymers as solid
polymer electrolytes (SPEs) were first investigated. To ensure
homogeneity in the resulting SPE films, the polymers were first
mixed with appropriate quantities of LiTFSI salt in anhydrous 2-
methyltetrahydrofuran, a bioderived green solvent,*® in an
argon-filled glovebox. Removal of the solvent, followed by hot-
pressing and drying in vacuo afforded the target films which
were subjected to ionic conductivity measurements between
20-80 °C (see Section S1 for detailed experimental procedures).
Unlike the resulting SPE films of PE-PCL and PE-PLA which were
free-standing and easy to handle for ionic conductivity
determination, those produced using PCL alone with the same

This journal is © The Royal Society of Chemistry 20xx

weight percentage loading of LiTFSI were found to be unsuitable
for accurate electrochemical evaluation. Low percentage
loadings of PCL: LiTFSI = 12:1 wt/wt% formed highly brittle films
which disintegrated easily (Figure S27B). However, doubling the
LiTFSI loading (PCL: LiTFSI = 6:1 wt/wt%) resulted in soft and
tacky mixtures that could not be formed into films due to the
plasticising effect. This highlighted the importance of the PE
segment in improving the films’ mechanical integrity.

As shown in Figure 3A(i), the ionic conductivities of PE-PCL
followed typical Arrhenius-like behaviour, with higher
temperatures bringing about greater conductivity. Notably, the
conductivities (Table 1) were comparable to SPEs previously
reported from upcycled bisphenol A polycarbonates and PET,?>
22 with higher LiTFSI loadings giving similar ionic conductivities
measured (Table 1, entries 1 and 2). In comparison, the ionic
conductivity of PE-PLA was found to be at least an order-of-
magnitude lower than PE-PCL, even with a higher loading of
LiTFSI (entry 3). Similarly, poor ionic conductivity was observed
with the PE-OH precursor containing an identical weight loading
of LiTFSI (entry 4), showing that the presence of PCL in the PE-
PCL copolymer was essential for appreciable ionic conductivity.
Indeed, solution phase *H NMR studies of PE-PCL in a saturated
1,1,2,2-tetrachloroethane-d, (TCE-d,) solution of LiTFSI showed
downfield perturbations of only the PCL proton resonances and
not those of PE, indicating the preferential interaction of Li*
with the oxygenated groups of PCL [Figure 3A(ii)]. Consistent
with the known plasticising effect of LiTFSI,*® DSC
measurements revealed that its presence reduced the
crystallinity of PE-PCL from 11.7% to ~7% (Figure S25). This was
further corroborated by XRD measurements of the PE-PCL-
LiTFSI film which showed clear peak broadening (Figure S26).
Conductivity was likely attributable to ion hopping between
ester coordination sites on amorphous PCL phases, with added
contributions of enhanced segmental chain motion.>° Using the
Arrhenius equation:

E,
ksT
where kg, 0o and T represent the Boltzmann’s constant, pre-

oT = ogexp (

exponential factor and absolute temperature respectively, the
activation energy (E;) of ion conduction by PE-PCL was
estimated to be 0.49 eV. This is lower than that previously
reported for PCL-LiTFSI (0.66 eV),>! and comparable to PCL-
containing composites (~0.47-0.73 eV)*? as well as PEO-
containing systems,*3 33 indicating that LiTFSI ionic dissociation
was not impeded by the PE segment of the copolymer.

J. Name., 2013, 00, 1-3 | 5
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Table 1. Electrochemical performance of PE-polyesters as solid and gel polymer electrolytes.

View Article Online
DOI: 10.1039/D4TA02178A

S/N Polymer Film composition (wt/wt%) lonic conductivity lonic conductivity E,? (eV) R2b
at 20 °C at 60 °C
(Scm™?) (Scm™)
Performance as solid polymer electrolytes (SPEs)
1 PE-PCL PCL: LiTFSI =12:1 2.0x10° 1.9x 107> 0.49 0.999
2 PE-PCL PCL: LiTFSI = 6:1 1.1x10°® 1.6 x107> 0.56 0.997
3 PE-PLA PLA: LiTFSI =3:1 <1077 <1077 - -€
4 PE-OH Same wt% loading as entry 1 <1077 <1077 -c -¢
Performance as gel polymer electrolytes (GPEs)
5 PE-PCL [PCL]:[LiTFSI]=12:1 8.1x10°® 6.0 x 107 0.44 0.999
22 wt% EMITFSI w.r.t. polymer
6 PE-PCL [PCL]:[LiTFSI]=12:1 4.7 x107 2.3x10* 0.35 0.994
42 wt% EMITFSI w.r.t. polymer
7 PE-PCL [PCL]:[LiTFSI]=6:1 3.8x107° 1.8x10* 0.34 0.996
40 wt% EMITFSI w.r.t. polymer
8 PE-OH 50 wt% LITFSI w.r.t. polymer 1.1x 1077 2.4 x1077 -c -¢
20 wt% EMI-TFSI w.r.t. polymer
9 PE-PLAd [PLA]:[LiTFSI]=3:1 2.7x1077 1.2x107° 0.79 0.998

40 wt% EMITFSI w.r.t. polymer

apetermined from the Arrhenius equation; ® Goodness-of-fit determined from Figures 3A(i) and 3B(i);  Not determined due to low
ionic conductivity observed; 9 See Figure S28 for temperature-dependence of ionic conductivity.

Compared with SPEs, GPEs offer improved ionic
conductivities by the incorporation of a liquid into the solid
polymer matrix without compromising on electrochemical
stability and mechanical properties.>® 3> To investigate the
performance of the PE-polyesters as GPEs, the copolymers and
LiITFSI were cast into free-standing, non-leaky GPE films
containing varying quantities of EMI-TFSI ionic liquid (Figure
S27C). Notably, free-standing homogeneous GPE films of PE-PCL
containing LiTFSI and EMI-TFSI could be fabricated (Figure 3B-
ii). In contrast, a physical blend of PE and PCL (similar molecular
weight as that grafted onto PE-PCL) which are not covalently
grafted together, together with LiTFSI and EMI-TFSI in the same
ratios as that of the PE-PCL copolymer film, could only form a
paste under identical fabrication conditions (Figure S27D). This
further demonstrates that the PE-PCL copolymer provided
superior mechanical properties for film formation, even in the
presence of the highly-plasticising EMI-TFSI ionic liquid.

As expected, the presence of EMI-TFSI resulted in increased
ionic conductivity of PE-PCL GPEs at identical loadings of LiTFSI
(Table 1, entries 1 and 5), which was augmented at higher
temperatures [Figure 3B(i)]. Notably, with 22 wt% EMI-TFSI
loading, similar E, values (via the Arrhenius model) to the SPE
were obtained (entry 1). This indicates that ionic conduction
was likely still dominated by ion-hopping or polymer chain
segmental motion akin to SPEs. However, further increasing the
EMI-TFSI loading from 22 wt% to 42 wt% w.r.t. polymer
afforded more than an order-of-magnitude enhancement in
ionic conductivity, with significant reduction in E, (entry 6).
These findings suggest that a change in dominant mechanism of
ionic conductivity in the presence of sufficient EMI-TFSI loading.
This likely involves conduction through the liquid phases
percolating the PE-PCL polymer matrix enabled by the
micropores (see Figure 3B-iii for SEM image). Doubling the

6 | J. Name., 2012, 00, 1-3

LiTFSI loading (entry 7) did not result in further enhancement of
ionic conductivity or E, for ion conduction. Compared to PE-PCL,
GPEs formed from the PE-OH precursor and PE-PLA polymer
show poorer ionic conductivity (entries 8 and 9). For the latter,
analysis of the film cross-section by SEM (Figure S29) showed
smaller micropores compared to those of the aforementioned
PE-PCL, which possibly result in poorer liquid phase percolation
and, thus, poorer ionic conductivity.

Considering the superior performance of the PE-PCL GPE,
we first assessed its electrochemical stability to determine its
suitability for incorporation into prototype Li-ion cells. Linear
sweep voltammetry (LSV) (Li/PE-PCL GPE/stainless steel, 1
mV/s) shows the stability of the GPE within the potential
window of up to 4.5 V versus Li/Li*, which is well above the
upper voltage limit of LiFePO,4 (LFP)-based cells (Figure S30).
Additionally, cyclic voltammetry (CV) was performed at a
scanning rate of 1 mV/s in the voltage range of -0.5 to 2 V for
Li/PE-PCL GPE/SS cell (Figure S31A) and voltage range of 2 to 4
V for Li/PE-PCL GPE/LFP (Figure S31B) at 1 mV/s. The CV plots
show the typical Li plating and stripping behaviour on the
cathodic and anodic scans with no other major peaks observed.
Similarly, the only peaks observed for the LFP-based cells are
corresponding to oxidation and reduction peaks of FeZ*/Fe3*,
further confirming the stability of the cell.

Encouraged by these findings, the performance of the Li/PE-
PCL GPE/LFP cell was further investigated. Galvanostatic
charge-discharge cycles performed between 2.5 and 4 V at 0.1
C (60 °C) showed flat charge and discharge profiles which
indicated good electrochemical reversibility [Figure 3(i)].
According to the cycling performance as seen in Figure 3C(ii),
the Li/PE-PCL/LFP cell was able to maintain a very high
coulombic efficiency of 100% and initial discharge capacity of
160 mAh g1, close to the theoretical capacity of LFP at 1770 mAh

This journal is © The Royal Society of Chemistry 20xx
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g L. The cell maintains its high capacity over 120 cycles, with
capacity retention of >80%. Next, the rate capability of the cell
was investigated at different currents [Figure 3C(iii)]. As cycling
rate was increased from 0.1 to 0.3 C, excellent retention of
capacity (2% capacity fade) was observed. Although higher

ARTICLE

g! at a high rate of 2 C, initial capacity could be recgyeredwhen
cycling rate returned to 0.1 C. These experitile Htd FEidnstratéd
the electrochemical stability of the PE-PCL polymer, and that no
significant polymer degradation had occurred through repeated
cycling.

cycling rates resulted in greater decreases of capacity to 60 mAh

(A) Performance as Solid Polymer Electrolytes

(i) Temperature (°C) (ii) H,
90 80 70 60 5.0 40 30 20 No LiTFS! . .“‘-\\ 5

- I[PCL]:[Li]:12:1

1754 C? > S e
[ ; Z i

~ -2.004 s " [PCLHL=e: 1U\/\/\/: i j i
< L 0 0 with LTFSI [\,

T 2259 L = = b of a5 = 4;0\\_7 405
g -2.50 o . PE-PCL " Chemical shift (ppm)
Q 575 e
6 -3.00 e PE-H TES, 3

L . ) I\
2 -3.25] - b No LiTFS! Y.\
-3.50 " / /
3751 . . . , , . \ - f\
28 29 30 31 32 33 34 35 . withLiTFSI CNINAL
1000/T (K") 1.35 1.30 238 236 234 232 230

Chemical shift (ppm) Chemical shift (ppm)

(B) Performance as Gel Polymer Electrolytes

. Temperature (°C) "
(i) S0 80 70 60 50 40 30 20 (i)

= [PCLIIL|=121, 22% EMITFSI .
. = [PCLJ[Li]=12:1, 42% EMITFSI
. = [PCLJ{Li|=6:1, 40% EMITFSI

-0.754

-1.001
1.254 e

-1.50 . -

-1.75+ . -

-2.00

log (5T) (S cm™. K)

-2.25 4

[l

-2.50 9

-2.75

28 29 30 31 32 33 34 35
1000/T (K1)

(C) Performance as Prototype Li/PE-PCL GPE/LFP Cells
(i) (if)

(i)

200 18 o1e
404 180 | L100 160 {mmsimanue’3C . 0.1C
B - % 02C sy FesRmsann
™ 160 = _c:» 1404 mam
< s
< 35 £ 1401 lso & E120
Y y = 1201 S 2100 1c
g €100 B % "taia
S 3.0 % FB0 o % 80 1.5C
> \ S 80+ 5 O b
2 6ol g s 60 [T~
——Cyele 1 S lap 2 8 40l
251 Cycle 50 8 404 1 Charge Capacity 40 3 L%-
——— Cycle 90 @ 204 = Discharge Capacity 20 4
—— Cycle 120 = Coulombic efficiency
20 -— 0 : w . y w —20 0 ‘ ' ‘ '
0 20 40 60 80 100 120 140 160 180 0 20 40 60 8 100 120 0 10 20 30 40 50

Capacity (mAh g'") Cycle number Cycle number

Figure 3. (A)(i) Effects of higher LiTFSI loadings on ionic conductivities of PE-PCL SPEs; (ii) Stacked expanded 'H NMR spectra of PE
and PCL segments of PE-PCL in TCE-d, (top, without LiTFSI) and in LiTFSI-saturated TCE-d,. (B)(i) Effects of different quantities of
LiTFSI and EMI-TFSI ionic liquid on PE-PCL GPEs at different temperatures; (ii) Photo of a free-standing PE-PCL GPE film; (iii) SEM
cross-sectional morphology of PE-PCL GPEs after EMI-TFSI and LiTFSI removal at 10,000x magnification. (C)(i) Galvanostatic charge-
discharge curves of Li/PE-PCL GPE/LFP cell at 60 °C (0.1C); (ii) Cycling performance and coulombic efficiency of Li/PE-PCL GPE/LFP
cell over 120 cycles (60 °C, 0.1C); (iii) rate performance of Li/PE-PCL GPE/LFP cell at various discharge rates at 60 °C.
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Chemical Upcycling of End-of-life Electrolyte Materials

With increasing functional applications of polymer electrolyte
materials in energy storage devices, treatment of these
polymers at their end-of-life is of essence to avoid further
contributing to the global problem of plastic waste. The polymer
electrolyte recycling process can be further complicated by the
presence of additives such as Li salt and liquid phase (for GPEs),
which can contaminate waste streams and reduce the quality of
recyclates. Although existing polyelectrolyte materials such as
polyethylene glycol can be biodegraded,>® composite and
copolymeric electrolyte materials can pose challenges for
recycling and upcycling. For instance, inherent differences in
reactivity between different copolymer segments often render
a recycling/ upcycling process suitable for one segment
unsuitable for another. For the PE-PCL copolymer used herein,
while the PCL segment can be chemically recycled through
catalytic reformation of the e-caprolactone monomer,*? the PE
segment will be chemically unaffected in this process. To
circumvent this problem, we designed an oxidation process
capable of upcycling both PE and PCL segments at the same
time, whilst being tolerant to additives such as LiTFSI. This
enables the formulated polymer electrolytes (e.g. as SPEs) to be
directly used for oxidative upcycling without additional
pretreatment.

Building on utilising  N-hydroxyl
organocatalysts for oxidative conversion of polystyrene to
benzoic acids,3* PE-PCL was reacted with HNOj; in the presence
of Cls-NHPI catalyst in the green solvent, acetic acid, for 24
hours. Under such conditions, N-oxy radicals can be generated
from the Cl4-NHPI precursor, which can abstract hydrogen
atoms from the PE-PCL polymer.3* The resulting radicals can
combine with O, or nitrogen-containing species from HNO;
decomposition to form oxo-radicals on the polymer chain,
ultimately propagating chain scission to form dicarboxylic acids.
While a range of dicarboxylic acids were formed during the
oxidation, possessing chain lengths between C4-C11
determined via ESI-MS analysis (Figures S31 and S32), analysis
of the product mixture by 'H NMR gave unequivocal evidence
of succinic (C4), glutaric (C5) and adipic acid (C6) as the main
products formed (Figure S30). Figure 4 shows the amounts of
each acid formed with different combinations of polymers and
reagents, determined through quantitative 'H NMR analysis
with 1,2-dichloroethane as internal standard. By itself, Cl4-NHPI-
catalysed oxidation of PE-OH afforded glutaric acid as the main
product, with smaller quantities of succinic and adipic acid
formed. This preference for C4 and C5 products can be expected
as depolymerisation likely occurs through a zip
depolymerisation reaction involving cyclic transition states via
backbiting mechanisms.>® Under identical catalysed conditions,
PCL produces mainly adipic acid, likely from tandem acid
hydrolysis of the polyester followed by oxidation in situ. Under
these conditions, shorter-chain succinic and glutaric acid were
also formed, possibly via decarboxylation to form terminal alkyl
radicals which could undergo further oxidation.5® Similar
product distributions were observed when the PCL oxidation

our successes in
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reaction was repeated in the presence of 15 wt% LiTFSI. For the
PE-PCL copolymers, the absence of Cly-NHPI in the reaction led
to mainly adipic acid formation. However, addition of Cl,-NHPI
resulted in production of succinic and glutaric acid, reflective of
the catalyst’s ability to enhance oxidation efficacy.3* The
importance of the Cl;-NHPI catalyst was also apparent when
solids could still be observed in the catalyst-free reaction after
24 h. These solids, as shown by 'H NMR analysis (Figure S33),
were found to be mainly unreacted PE fragments. This indicates
that only the PCL segment could be broken down in the absence
of catalyst. In contrast, the catalyst’s presence led to formation
of clear homogeneous solutions after 24 h, which demonstrates
that PE oxidative degradation had occurred. Although addition
of LiTFSI afforded slightly higher yields of glutaric and adipic
acid, the differences are small despite the greater
stoichiometric excess of LiTFSI compared to the catalyst,
suggesting only minor influences on reactivity. Indeed, these
short-chain dicarboxylic acids are important industrially as they
are used as intermediates for production of pharmaceuticals,
adhesives, coatings, food additives, polymers such as Nylon-6,6
from adipic acid, amongst others, with multi-billion-dollar
immediate addressable markets expected to undergo rapid
growth 60-62

A 0
o Cl-NHPI (cat.)
o1y __LH HNOs, AcOH, air HOWOH

\ /-\,,/‘ =18 n
| %%

= 125°C, 24 h o

L n=1-8
PE-PCL Dicarboxylic acids
Precursor (PE-OH) + Cl,-NHPI *

PCL + CI,-NHPI ‘ |

PCL + Cl,;-NHPI + LiTF Sl | |

PE-PCL +LiTFsI |#

PE-PCL +Cl,-NHPI | |

PE-PCL + Cl,-NHPI + LiTF Sl | ‘

T
0.0 01 0.2 03 0.4
Quantity (mmol)

[_JAdipic acid (C6) [ Glutaric acid (C5) [l Succinic acid (C4)

Figure 4. Different quantities of succinic, glutaric and adipic acid
formed from oxidative upcycling of PE-PCL, PE-OH and PCL
catalysed by Cl;-NHPI with or without LiTFSI. (* although adipic
acid could be detected by ESI-MS, it was not present in sufficient
guantities in the 'H NMR spectrum of the PE-OH oxidation
reaction for accurate quantification; # solids, mainly PE,
remained at the end of the reaction, hence the products are
primarily from degradation of the PCL segment).

Conclusions and Outlook
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In conclusion, we have demonstrated a cradle-to-cradle
approach for upcycling polyethylene into PE-polyester polymer
electrolytes, which can serve as feedstock for production of
industrially-relevant C4—C6 short-chain dicarboxylic acids after
their end-of-life. Cl;-NHPI served as a convenient multi-purpose
organocatalyst capable of first activating the unreactive PE
polymer by installing reactive oxygenated groups on it, as well
as for subsequent oxidation of PE-PCL polymer electrolytes to
diacids. SPEs and GPEs formulated using the PE-PCL copolymer
showed superior ionic conductivities compared with the
analogous PE-PLA copolymer. Both PE and PCL components
played synergistic roles which contributed to its success as an
electrolyte material: while the PCL segment was necessary for
ionic conductivity, the PE segment enhances film-forming ability
which enabled formulations of self-standing, convenient-to-
handle conductive films, despite some extent of oxidative PE
chain cleavage resulting during PE functionalisation. Prototype
Li/PE-PCL GPE/LFP cells showed excellent cycling performance,
maintaining high electrochemical reversibility and stability
throughout the cycling duration. Thereafter, oxidative upcycling
of PE-PCL SPEs formed diacids from both copolymer segments
simultaneously with greater selectivity for adipic acid and good
tolerance for LiTFSI additives present in the SPE sample.

The repurposing of low-value, high-volume waste plastics
into polymer electrolyte materials is an emerging strategy for
production of sustainable energy storage materials. For plastics
upcycling to be economically feasible, the demand of the
product should be sufficiently large and commensurate with the
scale of plastics production. In this regard, the rapidly growing
global demand for polymer electrolytes may offer a substantial
market for upcycled PE-based electrolyte materials. As
feedstock, sizeable streams of post-industrial PE waste from
manufacturing processes may be plausible feedstocks, due to
their well-defined compositions and high purity.®3 This contrasts
with municipal PE waste which are often heavily contaminated,
thus necessitating extensive sorting and cleaning before they
can be suitable for chemical upcycling. Although the TCB solvent
is used for PE oxidative activation, this is unavoidable due to
excellent solvent resistance of PE, as well as the higher degrees
of functionalisation achievable in TCB than in the absence of
solvents. Nonetheless, TCB can conceivably be recovered and
reused after the reaction, and can be possibly replaced by less
hazardous bio-derived alternatives!” in future developments.
With regards to the post-use fates of polymer electrolytes, our
upcycling approach complements alternative strategies such as
usage of dynamic covalent polymers which can extend the
useful lifespan of these polymers by enabling repeated
recyclability and reprocessibility.®* Despite this, inevitable
material degradation by electrochemical processes through
long-duration usage may ultimately compromise on
recyclability.® Our strategy of transforming the used polymer
electrolytes into small molecule diacids, on the other hand,
offers new opportunities to keep the products from the waste
polymers in a circular materials economy for wholly different
applications. Indeed, such a cradle-to-cradle upcycling
approach will also be applicable to other polymeric materials
from functional plastic upcycling at their end-of-lives, including

This journal is © The Royal Society of Chemistry 20xx
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antimicrobials, polymer
packaging materials.®>

coatings, and constsugction. and
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