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ABSTRACT

Solid polymer electrolytes are considered a useful solution for improving the safety of lithium metal batteries. However, these macromolecular systems show low
ionic conductivity and suffer from limited cyclability at room temperature. In this work we propose the UV-induced, solvent-free radical copolymerization of poly
(ethylene glycol) methyl ether methacrylate (PEGMEM, MW 500) and 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl methacrylate (UpyMa) in the
presence of poly(ethylene glycol) diacrylate (PEGDA, MW 575), used as crosslinker. The polymers, after activation in small amount of liquid electrolyte, show high
thermal resistance, good lithium-ion conductivity and wide electrochemical window. Moreover, thanks to the quadruple hydrogen bond interaction of UpyMa dimer,
the polymers show good self-healing properties both at 50 °C and room temperature. Such prepared polymers possess excellent interfacial stability and allow for
stable lithium plating and stripping at room temperature. Last but not least, cycling tests against LFP cathode showed a fair and stable discharge capacity at 0.2C with
80% of capacity retention after 300 cycles. Most importantly, after severely mechanically damaging the electrolyte, it showed great recovery of the electrochemical
properties, with a restored capacity of 115 mAh g~ at 0.2C and room temperature. This work highlights a promising strategy for safer room-temperature self-healing

quasi solid-state lithium metal batteries.

1. Introduction

Thanks to its high theoretical capacity (3860 mAh g’l) [1] and low
electrochemical potential (-3.04 V versus standard hydrogen electrode)
[2], lithium metal anode represents a promising solution for energy
storage challenges [3]. However, lithium anode suffers from dendrite
formation [4], that can cause short circuit of the cell. Dendrites are
uncontrolled structures formed during lithium plating process, from the
uneven deposition of the metal [5]. Indeed, lithium can generate
different structures (as, for example, mossy, granular, branched [6]),
causing rupture of the solid electrolyte interphase (SEI), consuming
electrolyte solution and, eventually, short circuiting the cell [7]. More-
over, most liquid electrolytes used in lithium metal batteries contain
flammable solvents, causing additional safety issues in case of cells
failing. For these reasons, solid polymer electrolytes (SPEs) have been
widely studied in lithium metal batteries (LMBs) [8-10]. In this context,
polymers containing polyethylene oxide (PEO) are the most reported
[11], thanks to their good stability against metallic lithium [12,13] and
to their ability to efficiently transport lithium cation through segmental
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motion of ethoxy-group rich polymer chains [14]. Other polymers re-
ported in SPE application are poly(vinyl alcohol) [15,16] and poly-
acrylonitrile [17,18]. However, cells containing SPEs often suffer from
low ionic conductivity as well as high interfacial resistance at room
temperature, thus hindering their cycle life [19] and performances
[20-22]. One solution envisioned to solve these issues is to activate the
polymer membranes with small amounts of liquid electrolytes, thus
obtaining the so-called gel polymer electrolytes (GPEs) [23,24]. Current
GPEs are generally composed of polymer matrix, Li salt and organic
solvents in a gel state and exhibit remarkable properties such as wide
electrochemical window, good compatibility with both Li anode and
common cathodes, high ionic conductivity since they have both the
cohesive properties of solids and the diffusive transport properties of
liquids in their unique hybrid network structure [25]. Some basic req-
uisites for suitable polymer matrices include low glass transition tem-
perature, fast segmental motion and the ability to dissociate the Li salts,
these last require having large anions and low dissociation energy [26].
Moreover, the incorporation of plasticizers enhances ion dissociation,
which implies a larger number of charge carriers for ionic transport in
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addition to reducing the crystalline content while increasing the poly-
mer segmental mobility of the polymer matrix [27]. GPEs with different
polymer-solvent combinations have been studied in the last years and
have demonstrated to both limit the liquid electrolyte evaporation and
significantly reduce lithium dendrites formation [28]. Focusing on this
last objective, the GPE polymer matrix should present sufficient me-
chanical properties to avoid lithium dendrites nucleation and growth,
which is usually obtained by reticulated polymers through the use of
crosslinkers [29]. However, another important factor has to be kept in
mind: if the polymer interface with lithium is damaged either because of
dendrites or other causes, this surface inhomogeneity will create pref-
erential sites for additional dendrites nucleation and growth [30]. For
this reason, scientists have ultimately focused their attention on new
generation of materials with self-healing capability [31-33]. In general,
self-healing materials have attracted significant attention over the past
few decades due to their abilities to autonomously repair after a damage
[34,35], more importantly their importance for the battery field was
highlighted by the Battery2030+ Roadmap [36]. With this feature, a
self-healing polymer electrolyte (SHPE) could indeed hinder dendrite
formation [37], thus increasing cells safety and life cycle [38]. Different
strategies have been introduced in the literature for creating self-healing
polymers, through the use of different chemical bonds. Common ex-
amples are Diels-Alder reaction [39], ionic interaction [40-42], boronic
esthers [43], metal ligand complexes [34] and cyclodextrins host-guest
interaction [44]. In addition, great interest has been generated by
hydrogen bond self-healing polymers [45,46] as they represent an easier
implementation through a large family of molecules, like for example
polyurethanes [47], and can self-repair without external stimuli [48]. In
this context, polymers containing 2-(3-(6-methyl-4-oxo-1,4-dihy-
dropyrimidin-2-yl)ureido)ethyl methacrylate [48-51] (UpyMa) are of
great relevance thanks to the ability of ureidopyrimidinone to use a
quadruple hydrogen bonding to form self-complementary dimers. In
addition, this molecule can be easily methacrylated (obtaining UpyMa),
thus allowing a simple polymerization technique with other acryl-
ated/methacrylated monomers or polymers to prepare a self-healing
macromolecular matrices [50,52].

In this work, we report the preparation of UpyMa through coupling
reaction, followed by its copolymerization with poly(ethylene glycol)
methyl ether methacrylate (PEGMEM) and poly(ethylene glycol) dia-
crylate (PEGDA) via a very quick and simple, one shot, solvent free,
photo-induced radical polymerization.

The self-healing behavior of the obtained membranes was accurately
assessed at 50 °C as well as at room temperature. Successively, full
electrochemical characterization was performed, demonstrating the
good thermal stability of the samples, their electrochemical stability
against lithium and their ability to allow smooth lithium plating and
stripping at a current density as high as 1 mA cm™2. Last but not least,
the membrane containing 5 wt% of UpyMa, with a lithium anode and a
LFP cathode, was able to perform more than 300 cycles at 0.2 C at room
temperature with capacity retention of 80%.

2. Experimental section
2.1. Materials

Poly(ethylene glycol) methyl ether methacrylate (PEGMEM, MW
500), poly(ethylene glycol) diacrylate (PEGDA, MW 575), 2-isocyana-
toethyl methacrylate (ICEMA), methyl isocytosine (MIS), chloroform
(CHCl3), hexane, N-methylpyrrolidone (NMP), NaCl, NaySO4 and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich and
stored at 5 °C. All the chemicals were degassed in the prechamber for 5
min before being placed into the glove box to remove any residues of Oy
and H50.

After being synthesized, UpyMa was kept at room temperature and,
before being used, was placed in oven at 70 °C to remove residues of
CHCls. Then, it was transferred into the glove box for the preparation of
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the membranes.

2-hydroxy-2-methyl-1-phenyl-propan-1-one (Darocur) was pur-
chased from Sigma-Aldrich and kept at room temperature in the glove
box to avoid any interaction with atmospheric Oa.

2.2. Preparation of UpyMa

Synthesis of UpyMa was performed by addition organic reaction with
ICEMA and MIS, as reported by Long et al. [53]. DMSO and MIS were
mixed to create a 1.6 M solution in a flask. The flask was then placed in
an oil bath under stirring and heating up to 170 °C with a magnetic
stirrer. After that, the solution was removed from the oil bath and
ICEMA was added in the flask. The MIS:ICEMA molar ratio was 1.0:1.1.
After the addition of the ICEMA, the flask was immediately collocated in
a water bath to cool down the solution at room temperature. At this
time, the reaction product (UpyMa) started precipitating in the flask.
UpyMa was then washed twice with distilled HoO and twice with hex-
ane. Afterward, the white precipitate underwent an extraction process to
remove DMSO. To this end, CHCl3 and UpyMa were mixed to create a
homogeneous solution. Successively, an oversatured acqueous NaCl
solution was added into the solution. When the two phases became
separated, Nap,SO4 was added to absorb the remaining HoO in CHCl3
solution. Eventually, CHCl3 was separated from UpyMa with a Rotava-
por. The yield of the reaction was 92.3%.

2.3. Preparation of UpyMa based membranes

UpyMa-based membranes were obtained by UV-induced radical
polymerisation without using any organic solvent. The two oligomers
PEGMEM and PEGDA were mixed in the fixed weight proportion 85:15,
UpyMa was then added to this precursor solution in different pro-
portions (namely 5 wt% and 10 wt% with respect to the precursor so-
lution). All the formulations were prepared in glove box, under argon
atmosphere (MBraunLabstar, O rate <0.5 ppm; HoO <0.5 ppm) to
avoid Oy inhibition. After 20 min of magnetic stirring in a vial, a white
homogeneous solution was obtained. Then, Darocur was added in the
proportion of 0.01 wt% with respect to the oligomers content and the
solution was stirred for other 2 min. Afterward, the solution was casted
on a support by doctor blade and irradiated under a UV lamp (wave-
length emission peak: 365 nm) for 7 min. The supports used for UV-
curing were either glass-slide or directly lithium metal. In the first
case, the white polymer was peeled off the glass-slide and remained
perfectly self-standing. The self-standing membranes had a thickness of
~100 pm, while the ones prepared directly onto lithium showed a
thickness of ~80 pm. Last but not least, obtained membranes were
activated by swelling for 15 min in commercial liquid electrolyte (pur-
chased from Solvionic). The liquid electrolyte chosen was LiPFs 1.0 M in
1:1 v/v mixture of ethylene carbonate (EC) and diethylene carbonate
(DEC). From now on, the membranes prepared with 5 wt% UpyMa will
be referred to as PPU5 and the ones prepared with 10 wt% UpyMa as
PPU10.

2.4. UpyMa and membranes characterization

Samples morphologies were examined using a field emission scan-
ning electron microscope (FESEM, TESCANS9000G). 'H nuclear mag-
netic resonance (NMR) spectra were recorded on a Bruker 200 MHz
instrument, calibrated with the solvent residual proton signal for the
UpyMa characterization (CHCl3 was dried using 4 A molecular sieves).
'H NMR spectra of membranes were recorded on Bruker 400 MHz in-
strument and calibrated with the solvent residual proton signal
(deuterated DMSO is used as solvent). Thermal stability was assessed
through thermo-gravimetric analysis (TGA) performed in air, between
25 and 800 °C at 10 °C min~! on a NETZSCH TG 209F3 instrument.
Effective cross-linking was checked through Fourier transform infrared
spectroscopy (FTIR), on a NicoletTM iS50 FTIR spectrometer (Thermo
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Scientific TM) equipped with an attenuated total reflection tool over the
range 4000-400 cm ™! with a resolution of 4 cm™! at room temperature.
Optical images of the polymer samples were obtained by an optical
stereoscope Leica M80. Scanning electron microscopy (SEM) images of
the polymer samples were performed by SEM Hitachi TM 3030Plus
Tabletop, operated at 15 kV. The liquid electrolyte uptake (LEU) was
obtained by measuring the weight of the dry membrane and the satu-
rated membrane after immersion for 18 h in the electrolyte. The elec-
trolyte uptake was calculated according to Eq. (1).

LEU = ([M. — M,) / My)x100 o

where My and M, are the weights of the membrane before and after
immersion, respectively.

2.5. Cathode preparation

The LFP cathode was prepared by tape casting the homogeneous
slurry of LiFePO4 (purchased from Aleees), Carbon C65 (Imerys) and
poly(vinyledenfluoride) (Arkema Kynar 761) (w/w/w = 70/20/10) in
NMP on an Al foil. Then, the electrode was dried at 50 °C for 1 h and kept
at room temperature overnight. The typical active mass loading was 1.5
mg cm2. The as-obtained electrode was cut into 15 mm diameter discs
and dried under vacuum at 120 °C for 4 h.

2.6. Electrochemical characterization

To determine the ionic conductivity (¢) of the membranes, electro-
chemical impedance spectroscopy (EIS) of the samples, sandwiched
between two stainless steel (SS) blocking electrodes, were carried out on
an electrochemical workstation (CHI660D). The frequency of the EIS
test ranged from 1 to 10° Hz with an amplitude of 10 mV. The mea-
surements were performed between and 20 and 60 °C, with a 10 °C step.
The ionic conductivities were calculated at each temperature using Eq.
(2):

s=(/A)*(1/Rw) @

where 1, A and R, represent the thickness of the membrane, the mem-
brane surface area and its resistance, measured at the high-frequency
intercept on EIS spectra, respectively.

The electrochemical stability window was evaluated by linear sweep
voltammetry (LSV), performed between 1 and 5.5 V vs. LiT/Li, on
asymmetrical SS/Membrane/Li cells. The measurements were per-
formed on an electrochemical workstation (CHI660D) at a scan rate of
0.2 mV s at room temperature.

The interfacial stability of the prepared membranes against lithium
was studied at open circuit voltage (OCV) by EIS on an electrochemical
workstation (CHI660D) through Li/Membrane/Li symmetric cells. The
frequency of the EIS ranged from 0.01 to 10° Hz with an amplitude of 10
mV.

The Li-ion transference number (t;;,) was investigated by a poten-
tiostatic polarization method using a symmetrical Li/Membrane/Li
symmetric cell. The Li-ion transference number t;;, can be calculated
following Eq. (3):

tiy = [I, x (AV = IRy)] /Iy X (AV — L,R,)] 3)

where 10 and IS are the initial and steady-state current values, respec-
tively. AV is the applied DC potential (10 mV); RO and Rg are the
interfacial impedance values at initial and steady state, respectively
[54].

To assess the influence of the membrane on lithium plating and
stripping, galvanostatic cycling was carried out at different current
densities on Li/membrane/Li symmetrical cells.

The lifetime and the rate capability were studied by galvanostatic
charge/discharge tests at different C-rates on Li/Membrane/LFP cells by
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an Arbin Instruments equipment. The potential window was 2.5 - 4.2V
vs. Lit/Li and the C-rates were defined on the basis of LFP cathode
standard specific capacity of 170 mAh g .

To verify the operative self-healing behavior a cell with lithium
metal anode and LFP cathode was cycled at 0.2C for 10 cycles before
being stopped and opened, in order to cut the SHPE. Afterwards, the cell
was closed again, left to rest for 12 h at room temperature and the
cycling was resumed at 0.2C. As a mean of comparison, a cell with a
Celgard separator was subjected to the same protocol.

All the previously described cells were assembled in ECC-Std test
cells (EL-CELL GmbH, Germany) in an argon-filled glovebox.

3. Results and discussion
3.1. UpyMa characterization

UpyMa was obtained by a coupling reaction from ICEMA and MIS;
the chemical structure of the obtained molecule was characterized by
NMR and FTIR analyses.

NMR spectra of ICEMA, MIS and UpyMa are reported in Fig. la,
confirming that the synthesized sample presents the typical NMR peaks
described in literature [48,55]. In comparison with MIS and ICEMA
NMR spectra, a new characteristic peak is present in UpyMa at 10.5
ppm, corresponding to the H-N of new ureido group of UpyMa. More-
over, the absence of the peak at 6.5 ppm, corresponding to the amidic
group of MIS, demonstrates the complete utilisation of the reactant in
the synthesis. The typical peaks of ICEMA (described with orange, red,
blue and green points in Fig. 1a) are all present in UpyMa spectrum, with
the exception of the isocyanate ICEMA group that reacts during the
process. Eventually, no peak typical of the solvents used is present in the
UpyMa spectrum, confirming the successful purification. To further
substantiate the assessment of the chemical structure, FTIR analysis was
performed and the obtained spectrum for UpyMa is reported in Fig. 1b
together with that of ICEMA. Typical peaks previously assigned to
UpyMa [48] can be individuated in the spectrum. In particular, the
characteristic stretching peaks at 1589 cm™! and 1661 cm™! are typical
of the ureido group, synthesized in the coupling reaction. In comparison
with the ICEMA spectrum, the disappearance of the peak at 2267 cm™!
in the FTIR spectrum of UpyMa, which corresponds to the vibration of
ICEMA isocyanate group, further confirms the reaction completion [52].

3.2. Membranes characterization

Afterward, polymer membranes were prepared by UV-initiated
radical copolymerization of PEGMEM, PEGDA and UpyMa, allowing
to obtain highly crosslinked samples with UpyMa moieties. Two
different contents of UpyMa were added to the precursor formulation, i.
e., 5 and 10 wt%, allowing to obtain the samples PPU5 and PPU10,
respectively. Initially, FTIR characterization was performed to verify the
successful crosslinking (Fig. 2a) in both cases.

The peaks at 1661 and 1589 cm™! are typical of the C=0 and C=C
vibrations of the amidic group of UpyMa [48], respectively. The pres-
ence of such peaks in the FTIR spectra of the membranes confirms the
copolymerization of UpyMa in the final polymer structure, thanks to its
methacrylate group [48]. However, the obtained spectra do not clearly
show the typical methacrylate peak situated around 1630 cm™!, pre-
venting any conclusion regarding its conversion during the crosslinking
process. Therefore, 'H NMR spectroscopy was performed in order to
further investigate this aspect (see Fig. S1). The obtained spectra seem to
confirm, in both cases the successful copolymerization. However,
regarding PPU10 sample, the chemical shift corresponding to the
methacrylate group shows a more pronounced peak than for the PPU5
sample, which might imply an incomplete copolymerization. Anyway,
the intensity of such peak remains limited, suggesting that the conver-
sion is almost complete.

Thermal stability represents a critical factor for safety performance
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Fig. 1. (a) NMR spectra of ICEMA, MIS and UpyMa. (b) FTIR spectra of UpyMa and ICEMA.

—— PPU10 0
]
I
a b
I
a 1
|
i
3 11 1589cm™’
s [—PPUS ' -
-~ 1 o
[ " s
Q I -
< I <
g ARR1 i o)
2 1661 cm™ | b
2 2
81 AL M
< i
11
—— UpyMa l:
|
I
|
i
I
1
1
1
1 1 1 1 L1l 1 1
4000 3500 3000 2500 2000 1500 1000 500

v (cm™)

100
95 +
90
85
80
75

——PPU5
—— PPU10

25
20 +

70
65
60
55
50
45 4
40
35 1
30

15 4
10
5

T T T T
400 500 600 700

Temperature (°C)

T T T
100 200 300 800

Fig. 2. (a) FTIR spectra of PPU10, PPU5 and UpyMa. (b) TGA curves of PPU5 and PPU10 samples.

of electrolytes for LMBs. To this purpose, TGA analyses were carried out
on the UV-cured polymers (Fig. 2b). The two polymers were thermally
stable up to 170 °C, which guarantees safe performances in the tem-
perature range of operation typical of LMBs, making them suitable as
SPEs. However, a small difference in the PPU10 profile can be noted at
approximately 250 °C, which could be an additional hint of a partially
incomplete copolymerization of UpyMa in PPU10.

Successively, the morphology of the two samples was studied by
FESEM. Panels labelled from a) to f) in Fig. 3 show the morphological
structure of the surface and cross section of PPU5 and PPU10 samples,

respectively. Both membranes showed a homogenous surface, in addi-
tion the cross-section analyses (Fig. 3c and f) revealed the membranes
thickness were around 115 um and 131 um for PPU5 and PPUI10,
respectively. The enlarged magnification FESEM micrographs (Fig. 3b
and 3e) reveal a wave structure of the surface of the membranes. An
explanation could be UpyMa groups interactions thanks to H-bond on
the surface of the samples. To better understand this feature, surface
energy dispersive spectroscopy (EDS) analysis was carried out. Since
UpyMa is the only material containing nitrogen, EDS can be used to
determine the distribution of UpyMa molecules on the surface of the
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Fig. 3. FESEM micrographs of (a) PPU5 surface at low magnification, (b) PPU5 surface at high magnification, (¢) PPU5 cross-section, (d) PPU10 surface at low
magnification, (e) PPU10 surface at high magnification, (f) PPU10 cross-section. EDS analysis PPU5 showing (g) carbon, (h) oxygen and (i) nitrogen elements. EDS

analysis of PPU10 showing (j) carbon, (k) oxygen and (1) nitrogen elements.

polymer. Fig. 3i and 31 show the results of the EDS analysis, proving that
nitrogen is homogeneously distributed on the surface of the membranes
and further confirming the successful preparation of homogeneous co-
polymers containing UpyMa groups, through UV-induced radical
polymerisation.

After carefully assessing the chemical structure and the thermal
properties of the prepared samples, their self-healing capability was
investigated. To this end, the membranes were cut with a cutter, then the
two pieces were placed side by side and analysed with an optical mi-
croscope (Fig. 4 a and b, on the left) and by SEM (Fig. 4 c and d, on the
left). Afterward, the cut polymers were placed between two glass slides
under a small pressure applied by paper clips and left at 50 °C for 2 h
before assessing their morphology again (Fig. 4, right side). This test was

repeated at room temperature (see Fig. S2). The two polymers demon-
strated good self-healing ability either after 2 h at 50 °C (see Fig. 4, right-
side) or overnight at room temperature (see Fig. S2). Indeed, both op-
tical images and SEM micrographs show limited scar on the studied
surface and the self-healed polymers could be easily peeled off the glass
support. Such self-healing behavior is due to the dynamic quadruple
hydrogen bonding interaction provided by UpyMa, as illustrated sche-
matically on Fig. S3; in addition, this process can occur rapidly at 50 °C
(2 h) but, more impressively, it can be verified also at room temperature,
even if the time involved is longer. Last but not least, no significant
difference in the self-healing behavior could be individuated between
PPUS5 and PPU10 samples.
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24h
RT
a
24h
b RT

2 mm

Fig. 4. Optical images of (a) PPUS and (b) PPU10 samples between glass-slides, (left) before and (right) after self-healing process at 50 °C for 2 h. SEM micrographs
of (c¢) PPU5 and (d) PPU10 samples (left) before and (right) after self-healing process at 50 °C for 2 h.
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3.3. Electrochemical characterization

After addressing the morphological and structural characterization
of the membrane along with the assessment of its self-healing properties,
electrochemical characterization was carried out to further verify the
suitability as electrolyte for LMBs.

Electrolyte uptake is an important parameter to verify the compati-
bility of the two polymers with the electrolyte solution, thus ensuring a
proper ionic conductivity. The results obtained (see Table S1) show high
capacity of the membranes to retain liquid electrolyte into their retic-
ulated structure, with a slightly higher value for PPU10 compared to
PPUS. The influence of such values was verified by measuring the ionic
conductivities of both samples at different temperatures. Fig. 5a shows
the plots of the ionic conductivity versus temperature for the two
polymers from 20 to 60 °C. As expected, for the two membranes, con-
ductivity increased by increasing the temperature. More surprisingly,
the different contents of UpyMa and the consequent variation in LEU did
not affect the polymers conductivity. In fact, both samples present
comparably high values. In particular, the high ionic conductivity (1.88
x 1072 § em ™, for PPUS5) at room temperature confirms the suitability
of the PPU membranes as SHPE for lithium metal cells.

Electrochemical stability, particularly at high potentials, is another
crucial parameter for this application, therefore LSV was performed at
room temperature on PPU5 (Fig. 5b) and PPU10 (Fig. S4) samples. The
profiles obtained on both cases look very similar, confirming the elec-
trochemical stability of both samples up to 5.0 V.

Another important parameter when dealing with Li metal anode is
interfacial stability. To investigate the interfacial behavior of PPU5 and
PPU10, EIS was monitored in symmetrical cells at OCV for 30 days.
Fig. 5c and d show the variation of the AC impedance with time. The
impedance spectrum of PPUS5 shows an initial charge transfer resistance
at around 400 Q, mainly explained by a poor initial contact with lithium
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and eventually the formation of a thin spontaneous SEI layer. Then, the
charge transfer resistance decreases to 350 Q and stabilises with time,
confirming the absence of noticeable reactions between the sample and
metallic Li. On the contrary, for PPU10 sample, the charge transfer
resistance shows a constant increase with time, reaching a maximum
value of 1800 Q after 20 days. In this case, the membrane features less
stable behavior against lithium, a possible explanation could be the
presence of incompletely reacted methacrylate groups from UpyMa, as
previously suspected. For this reason, PPU10 membrane was not further
considered for characterization.

The Lithium-ion transference number (t;;;) was assessed by per-
forming chronoamperometry and EIS at room temperature on a sym-
metrical cell containing PPUS5, as described in [54]. As shown in Fig. S5,
the t i+ calculated is 0.62. This high transference number value dem-
onstrates the good Li ion diffusion in PPU5, which should avoid the
formation of concentration gradient and consequent cell polymerization
upon cycling, particularly at higher C-rate.

Formation of dendrites is a critical factor for LMBs, mainly because of
dendrites nucleation and growth hindering cells specific capacity by
dead lithium formation, in addition to the possibility of short-circuit
leading to more hazardous events. Therefore, lithium plating stripping
was performed on symmetrical cells containing PPU5 at room temper-
ature and at a current density of 0.1 mA cm™2 with a fixed capacity of
0.1 mAh cm ™2, The first 30 cycles, reported in Fig. 6a, show that the cell
containing PPU5 presents a stable profile, with a relatively low polari-
zation. The same test was repeated in more drastic conditions, namely 1
mA cm 2 with a fixed capacity of 1 mAh cm ™2 at room temperature. The
results were compared to a symmetric cell assembled with Celgard 2500
separator activated with the liquid electrolyte and tested following the
same procedure; the profiles are reported in Fig. S6. On the first cycles,
both cells present severe fluctuations, with a large voltage polarization,
implying Li dendrite growth on the Li metal surface. However,
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interestingly, while the Celgard cell profile clearly shows a short-circuit
after ~50 h, the PPUS5 cell was able to keep cycling for more than 600 h
with a more stable profile and without short-circuiting. This result
demonstrates the ability of PPU5 as SHPE to limit dendrites formation
and avoid short-circuits, probably thanks to its highly cross-linked
structure and self-healing capability.

The cycling performance of PPUS5 in a lithium metal cell was tested
against a LFP cathode. Rate capability tests are reported in Fig. 6b, with
PPU5 membrane sandwiched between the Li anode and the LFP cathode,
at two different temperatures (i.e., RT and 50 °C). As expected, the cell
shows better electrochemical behavior at 50 °C, due to the enhanced
ionic conductivity in the polymer matrix. Nevertheless, PPU5 also shows
very good C-rate performance at room temperature. In fact, at 1C, the
cell delivers a discharge capacity as high as 100 mAh g~!. Moreover, the
cell recovers its initial capacity going back to 0.1C, that is 140 mAh g .
These results are quite impressive in the case of a GPE-based cell studied
at room temperature.

To further assess long cycling performances of such cell at room
temperature, galvanostatic cycling was performed at 0.2C. The cell
demonstrated an initial discharge capacity as high as 143 mAh g!
(Fig. 6¢). In the meantime, for the first cycles the charge capacity slightly
overcame the discharge one; this could be explained by cell formation as
well as some parasitic reactions caused by the SEI layer formation.
However, such phenomenon fades away after the initial cycles, allowing
the cell to reach 100% Coulombic efficiency and remaining stable, as it
reached the 300th cycles with a 98% Coulombic efficiency. In terms of
discharge capacity, 114 mAh g~! was retained after 300 cycles, corre-
sponding to a noteworthy capacity retention of 80%. Therefore, the
capacity loss is around 0.07% per cycle, which is very limited and could
be ascribable to some liquid electrolyte decomposition relative to the SEI

evolution. Such hypothesis is partially confirmed by post-mortem
FESEM analysis of the PPU5 membrane after 300t dis-/charge cycles
in the Li/PPU5/LFP cell (Fig. 7Sa) showing no obvious sign of mem-
brane degradation. Similarly, no substantial changes in the values of the
charge transfer resistance are observed before and after cycling by EIS
analysis (Fig. 7Sb). The EIS spectra of the Li/PPU5/LFP cell before and
after 300" cycles demonstrate the stable behavior of PPUS5 for the entire
operational life of the cell tested in this work.

As already mentioned, lithium reactivity is an issue for LMBs, as the
inhomogeneous redeposition upon cycling tends to create 3D structures
which can then break, hence loosing contact with the anode, and form a
layer of the so-called dead lithium. Such layer represents an obstacle to
Li* diffusion and cell reactions in general, which results in constant
increasing of the cell overvoltage. Interestingly, as can be observed in
Fig. 6d, though our cell was cycled at room temperature, no significant
increase in the cell overvoltage could be noted for the first 200 cycles,
preserving the typical discharge and charge voltage plateau of LFP.
Moreover, even after 200 cycles and up to the 300th, the increase
resulted very limited.

Eventually, to further demonstrate the PPU5 self-healing capability,
a cell with lithium metal anode and LFP cathode was cycled at 0.2C for
10 cycles before being opened, in order to cut the SHPE. Afterwards, the
cell was closed again, left to rest for 12 h at room temperature and the
cycling was resumed at 0.2C. As can be seen in Fig. 7a, PPU5 managed to
self-repair after the cut and resume cycling with minimum capacity fade,
with a restored capacity of 115 mAh g~!. Moreover, Coulombic effi-
ciency was also retained before and after cutting. The same procedure
was followed with a commercial Celgard 2500 separator impregnated
with the liquid electrolyte. As seen in Fig. 7b, the cell capacity drasti-
cally collapsed after cutting. FESEM analysis of PPU5 at the end of this
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cycling test, reported in Fig. S8, shows that the membrane morphology
after cutting and cycling again is quite similar to the pristine one
(Fig. 3b), with the presence of limited scars on the surface. Such results
demonstrate the ability of the membrane to self-repair and maintain cell
performances, thus constituting a very promising step towards the
preparation of self-healable LMBs. Table S2 reports a comparison be-
tween the PPU5 membrane synthesized in this work with similar SPE
and GPE membranes reported in literature in terms of conductivity, self-
healing properties, Li ion transfer number and electrochemical perfor-
mances along with the synthesis conditions. The fast and easy synthesis
and the good electrochemical performances obtained both at high cur-
rent density and with long dis-/charge cycling at room temperature give
the PPU5 membrane an interesting breakthrough in the use of self-
healing polymers in metal battery application.

4. Conclusions

In summary, UpyMa was synthesized and characterized by NMR and
FTIR techniques. Afterwards, two different formulations were prepared
containing different weight ratios of UpyMa (i.e., PPU5 and PPU10)
crosslinked to methacrylate oligomers through UV-initiated radical
polymerization without using any solvents. The two polymers showed
good thermal stability and homogeneous surface morphology. Self-
healing tests carried out on the polymers showed good self-repairing
ability after damage under mild pressure at 50 °C and even at room
temperature, thanks to the intermolecular dynamic H-bonding interac-
tion of UpyMa in the polymer network. PPU5 and PPU10 samples
showed high ionic conductivity, however PPU10 demonstrated a poor
interfacial stability with Li and was therefore discarded. On the con-
trary, thanks to its good interfacial stability, homogeneous lithium
plating and striping was obtained with PPU5, confirming that it could be
a good candidate as SHPE in LMBs. Indeed, Li/PPU5/LFP cell showed a
great performance with capacity retention of 80% after 300 cycles. Most
importantly, after severely mechanically damaging the electrolyte, it
showed great recovery of the electrochemical properties, with a restored
capacity of 115 mAh g~! at 0.2C and room temperature. This work
demonstrates the importance of self-healing GPEs to increase long-term
stability of Li metal cells for future safer and more performant batteries.
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