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Self-healing materials are actively studied in order to extend the lifetime and performance of batteries.

Dynamic covalent networks have recently emerged as one of the best self-healable materials which

allow thermosets to be reprocessed and recycled. Among all the different exchangeable bonds studied

over the last few years, hindered urea bonds appear to be one of the most feasible options to create

self-healable materials due to their exchange activation at low temperatures. Although this chemistry is

very popular in composite and coating applications, it has not been considered for designing self-

healable materials for batteries. In this work we synthesize a membrane containing dynamic hindered

urea crosslinking points by reacting tris[2-(isopropylamino)ethyl]amine with hexamethylene diisocyanate,

followed by the addition of polyethylene glycol. It is proved that this newly designed material possesses

self-healable properties and higher ionic conductivity than the commercially available liquid electrolyte

embedded in a porous Celgard® 2500 separator. The polyurethane gel electrolyte shows very

homogeneous Li plating and stripping in Li symmetrical cells and is also compatible with Li-mediated

electrochemical ammonia synthesis approaches. Most importantly, after severely mechanically damaging

the gel membrane, the polymer electrolyte shows great recovery of the electrochemical properties,

experiencing more than 100 charge/discharge cycles (after cutting) at C/5 rate.
1. Introduction

Over the past few decades, Li-ion batteries (LIBs) have enabled
the development of portable electronic devices (mobile phones,
laptops, digital cameras, etc.) and are also the best choice for
electric vehicles.1–3 This technology is based on the rocking
chair concept, where Li ions shuttle between electrodes during
charge and discharge cycles.4–6 Unfortunately, this technology is
now reaching its theoretical energy density value and therefore
will probably not be able to meet the foreseen future energy
needs.7 One strategy to enhance the energy density of these
energy storage devices is to directly use Li-metal as an anode
material, thanks to its high theoretical capacity and low
reduction potential.8,9 Nevertheless, the practicality of Li-metal
batteries is limited to the inevitable damage provoked by Li
dendrite growth,10,11 which can either propagate through the
separator aer repetitive cycling processes, leading to the nal
short-circuiting of the cell, or, for the thinner ones, break from
the roots, forming the so-called “dead lithium”.12,13 The
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aforementioned Li dendrite growth is mainly caused by the
spontaneous formation of an unstable solid electrolyte inter-
phase, which turns out to be fragile and heterogeneous with
variable spatial resistance, thus inducing uneven Li ion ow
and random Li deposition underneath.14 This mechanical
instability and heterogeneity of the layer has become the main
issue for the commercialization of batteries based on Li-metal
anodes.15 In this scenario, the scientic community is fully
aware that Li-metal batteries need continuous development to
reach further and more demanding applications. Furthermore,
the scenario of Li-mediated ammonia electrosynthesis through
Li–N2 cells has recently emerged16,17 and stable Li+ conducting
polymer membranes represent a strategic component.

Taking into account the growing awareness of global
sustainability and the increasing demand for energy storage
and conversion devices, one of the greatest upcoming chal-
lenges nowadays is to develop effective, safe and recyclable
electrochemical devices.18 With the aim of overcoming unde-
sired failures, solid polymer electrolytes (SPEs) have emerged as
mechanically robust materials with low ammability proper-
ties, improved safety and good thermal stability.19–23 However,
when unwanted scratches form in the material, these advan-
tages disappear, resulting in catastrophic failure.24

Self-healing materials based on covalent adaptable networks
(CANs) have been studied for several applications,25 but their
This journal is © The Royal Society of Chemistry 2022
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exploitation is still a promising target for Li-metal batteries. Up
to now, most published studies for this application have re-
ported mainly self-healing mechanisms based on the formation
of hydrogen bonds,26 and the research activity in much more
related to the development of self-healing binders than SPEs.27

Few examples can be found in the literature, such as aliphatic
disuldes24 and boronic esters.28 As previously reported, Li-
metal batteries can lose efficiency and present safety prob-
lems aer the electrolyte/separator component is damaged.1,29

Indeed, as can be seen in Fig. 1A, when the SPE is not able to
self-repair, a simple scratch (that can occur during battery
operation under real conditions) can create an easy pathway for
faster dendrite growth and eventual short-circuiting of the
whole cell.30 In contrast, self-healable polymer electrolytes can
rapidly eliminate scratches and avoid the nal shorting of the
device, allowing for a longer and safer cycle life (Fig. 1B).

Polyurethanes are one of the most versatile families of
polymers and are commercially available as coatings, elasto-
mers, textile bers, adhesives and rigid or exible foams.29,31

Their adaptable synthesis allows ad hoc material properties
tailored to their nal application.32,33 Besides, most of the
starting reactants (common polyols, isocyanates and small
molecular weight diols/diamines) are well known and have
been employed industrially for several decades; polyurethanes
still offer an open door for the introduction of more sophis-
ticated compounds that could play a key role in advanced
energy storage applications. As an example, single-ion con-
ducting polyurethane electrolytes were studied by Porcarelli
et al.,34 while a review article on polyurethane-based polymer
electrolytes for LIBs has recently summarized the main
advantages.35
Fig. 1 (A) Scratched classic SPE separator before and after repeated cha
avoid dendrite growth after repeated charge/discharge cycles.

This journal is © The Royal Society of Chemistry 2022
Recently, Cheng et al. reported the rst dynamic polyurea
thermosets based on hindered urea bonds (HUBs).36 They
concluded that the introduction of bulky substituents on the
nitrogen atom weakens the planarity of the amide bond,
reducing the stability of the urea bonds and resulting in the
dissociation of isocyanate and amine groups under mild condi-
tions. In comparison with other exchangeable bonds, HUBs
signicantly weakened the bonding energy of the amide bond
and reduced the reverse reaction conditions. They showed
intrinsically dynamic reaction without catalyst at room temper-
ature, thus allowing the self-healing of HUB-based thermosets
under ambient conditions. Since this discovery, these dynamic
bonds have gained incredible attention due to the excellent self-
healing, recycling and shape-memory properties that they
exhibit.37 However, to the best of our knowledge this successful
chemistry has not yet been considered by the scientic commu-
nity operating in the electrochemical energy storage eld.

In this work, we have selectively synthesized dynamic cross-
linking points based on HUBs to subsequently create a self-
healable crosslinked poly(urea-urethane) network by the addi-
tion of polyethylene glycol 2000 (PEG2000); this matrix will be
referred to, from now on, as the HUB-PU network. Aer checking
the effective self-healing behavior of the newly proposed
membrane, complete electrochemical characterization was
carried out to assess its potential application as gel-polymer
electrolyte in Li-metal batteries, and the results were compared
to those obtained for a Celgard® 2500 separator embedded with
liquid electrolyte. Galvanostatic cycling demonstrated—just aer
cell assembly—similar performances between the newly
proposed SPE and Celgard® 2500. Our nal goal is to investigate
the self-healing ability of the HUB-PU membrane and its
rge and discharge cycles. (B) Scratched self-healable SPE separator to

J. Mater. Chem. A, 2022, 10, 12588–12596 | 12589
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performance in batteries aer cutting and healing cycles as
compared to the commonly used porous separators.
2. Results and discussion
2.1 Synthesis of a self-healable crosslinked poly(urea-
urethane) network: the HUB-PU network

Fig. 2A describes the synthetic route to cross-linked poly(urea-
urethane) networks in two steps by reacting rst a trifunc-
tional bulky secondary amine with a diisocyanate in order to
prepare a functional urethane polyurea precursor. In the second
step, the HUB-PU network is formed by reacting with PEG2000.
Every step of the reported procedure was followed by FTIR
spectroscopy, as shown in Fig. 2B. As can be seen in the spectra,
during the synthesis of the HUB-PU network, the isocyanate
stretching band at 2256 cm�1 completely disappeared and
a new band, corresponding to the formation of the urea group,
appeared at 1618 cm�1, followed by the corresponding band of
urethane group at 1717 cm�1. A representative picture of the
crosslinked HUB-PU lm is also shown in Fig. 2C.
Fig. 2 (A) Synthetic procedure for obtaining cross-linked aliphatic p
Representative FTIR spectra of the reaction between tris[2-(isopropylami
spectrum obtained after addition of PEG2000 to the mixture (blue spect
also shown. Finally, the black spectrum corresponds to the final poly(urea
of one of the synthesized HUB-PU networks.

12590 | J. Mater. Chem. A, 2022, 10, 12588–12596
2.2 Self-healing ability of the HUB-PU network

The self-healing ability of the synthesized dynamic network was
characterized by optical microscopy. Firstly, the self-healing
behavior of the HUB-PU network (before being activated with
Li salt) was analyzed under pressure and heating up to 80 �C.
This temperature was applied in order to be above the melting
temperature of PEG2000, thus increasing chain mobility within
the membrane. We noticed that, depending on the pressure
applied, the self-healing time could vary between 4 h (with
a squeezer clamp, Fig. S1†) and 12 h (sample placed between
two glass pieces and closed with paper clips). A representative
image is given in Fig. 3A.

As regards the rheological study of the dynamic behavior of
the HUB-PU network, stress-relaxation measurements were
carried out at 80, 100, 120, 140 and 160 �C (Fig. 3B). As can be
seen, samples showed a decay in the relaxation moduli with
signicant temperature dependence. The relaxation curves
showed fast relaxation under mild conditions and the material
did not show any sign of degradation even at 160 �C. The
characteristic Arrhenius plot and activation energy for the HUB-
olyurethanes with dynamic crosslinking points based on HUBs. (B)
no)ethyl]amine and hexamethylene diisocyanate (green spectrum). The
rum) and the spectrum obtained after 1 h of curing (red spectrum) are
-urethane) film crosslinked for 12 h at 80 �C. (C) Representative image

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Scratch disappearance in a raw dynamic poly(urea-urethane) network membrane after being kept overnight at 80 �C with pressure
(applied by closing two glass pieces with paper clips). (B) Stress–relaxation analysis for the HUB-PU network, performed between 80 and 160 �C.
(C) Arrhenius plot of characteristic relaxation times of the HUB-PU network.
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PU network are shown in Fig. 3C. This plot was obtained from
stress–relaxation measurements carried out between 80 �C and
160 �C. It can be concluded that the obtained characteristic low
activation energy value is common for dissociative CANs.

In order to properly understand the dynamic behavior of the
sample when used under real conditions, the swollen
membrane (i.e., the HUB-PU network activated with a typical Li-
metal battery electrolyte) was also analyzed, under pressure, to
properly see the scratch disappearance (Fig. S2A†). Clearly, the
swelling of the membrane with liquid electrolyte decreased its
crystallinity (i.e., the membrane became translucent), thus
enhancing chain mobility and allowing the self-healing of the
scratch even at room temperature. Such an achievement
demonstrated the very promising features of the newly designed
SPE for application in Li-metal batteries. Stress–relaxation
measurements of the swollen membrane also conrmed the
dynamicity of the material at room temperature (Fig. S2B†).
2.3 Electrochemical characterization of gel-polymer
electrolyte based on a swollen HUB-PU network

A thorough electrochemical characterization was carried out in
order to understand and analyze the most important electro-
chemical characteristics of the HUB-PU network, also
This journal is © The Royal Society of Chemistry 2022
comparing them to those featuring the commercial separator
Celgard® 2500.

A mandatory step to activate the proposed polymer electro-
lyte is to soak the membrane in a standard liquid electrolyte, i.e.
1.0 M LiPF6 in a mixture of ethylene carbonate and diethyl
carbonate (EC : DEC 1 : 1, v/v), for at least 30 min; such a step
permits the uptake of the solvated Li ions and the liquid phase,
thus ensuring a good ionic mobility within the polymeric
network.

As a result of this process, a self-standing polymer electrolyte
membrane was obtained, that was subsequently cut and used in
lab-scale Li-metal cells (ECC-Std geometry). The electrolyte
uptake was measured with time (Fig. S3†) and, overall, it was
observed that the membrane was able to swell up to 590% of its
initial weight.

Ionic conductivity represents the rst key parameter to
evaluate electrolyte performance. The temperature dependence
of ionic conductivity obtained in a temperature range from 20 to
60 �C for both the HUB-PU network and Celgard® 2500 is shown
in Fig. 4A. Noteworthily, the HUB-PU network presented
a higher ionic conductivity than the commercial separator over
the whole temperature range. A possible explanation could be
that the activation of the newly proposed membrane with the
liquid electrolyte resulted in multidirectional swelling of the
J. Mater. Chem. A, 2022, 10, 12588–12596 | 12591
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Fig. 4 (A) Ionic conductivity values at different temperatures for the HUB-PU network and Celgard® 2500 electrolytes. (B) ESW of the HUB-PU
network and Celgard® 2500. (C and D) Potential vs. test time of Li stripping and plating for a symmetrical Li/Li cell at various current densities and
at room temperature, for the HUB-PU network and Celgard® 2500 samples, respectively. (E and F) Charge/discharge performances of Li/
electrolyte/LiFePO4 cells at various C-rates in the presence of the HUB-PU network and Celgard® 2500 electrolytes, respectively.
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polymer molecular chains, forming more amorphous regions
and therefore providing effective channels for Li ion
migration.38

The electrochemical stability window (ESW) of the electro-
lyte, i.e. the gure of merit that denes the voltage range in
which the electrolyte can work safely, was the second feature we
investigated for the HUB-PUmembrane. This assessment is very
important for a new polymeric matrix proposed for Li-metal
batteries, since if the electrochemical potential of the anode is
above the electrolyte reduction potential, it could lead to the
reduction of the electrolyte. Similarly, if the electrochemical
potential of the cathode is below the electrolyte oxidation
potential, it could lead to the oxidation of the electrolyte.39

Taking into account that the charge and discharge cycles of cells
12592 | J. Mater. Chem. A, 2022, 10, 12588–12596
based on the Li/membrane/LiFePO4 cathode architecture are
usually performed between 2.5 and 4.2 V, the ESW of our HUB-
PU electrolyte must be wider than this potential range.
According to Fig. 4B, the HUB-PU network showed a stability
window that fully satises the operation conditions of a Li-
metal cell. As regards Celgard® 2500, it showed an even wider
ESW; overall, both materials were demonstrated to be perfectly
stable in the range of interest and were subsequently subjected
to further electrochemical characterization.

Galvanostatic cycling measurements were initially carried
out on symmetric Li/Li cells to study the plating and stripping
behavior of Li, which may determine Li dendrite nucleation and
growth.40 Potential proles of Li stripping and plating at various
current densities (i.e., 0.1, 0.5 and 1 mA cm�2) at 25 �C were
This journal is © The Royal Society of Chemistry 2022
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reported for the HUB-PU network and Celgard® 2500 samples
in Fig. 4C and D, respectively. When the current densities were
increased from 0.1 to 0.5 and 1 mA cm�2, a great change of
overpotential was noticed in both materials, this increase being
much more noticeable for Celgard® 2500. These electro-
chemical tests conrmed that both materials were quite effi-
cient against dendrite growth at low current density (0.1 mA
cm�2). At higher values, visible changes appeared in the voltage
proles. In particular, the cell with Celgard® 2500 showed
a peaking shape, which has already been reported in the liter-
ature as the result of different (and unfavored) kinetic pathways
for reactions at the electrode/electrolyte interface.41 Such shape
change was not detected in the cell assembled with the HUB-PU
network. Overall, these observations demonstrated a much
easier plating/stripping process and stabilized interface for the
HUB-PU network, indicating restrained Li dendrite growth and
highly stable Li plating/stripping reversibility.42 The latter has
also been proved by the Li plating and stripping behaviour (see
Fig. S4†) of the Li/HUB-PU membrane/Cu cell, the Coulombic
efficiency values of which, even for higher current densities, are
encouraging and worthy of further analysis.

To further study and compare the performance of the HUB-
PU network and Celgard® 2500, Li-metal cells with a LiFePO4

(LFP) cathode were assembled and tested at room temperature.
Fig. 4E and F present the cell performances at different charge
and discharge rates (from C/10 to 1C) in the presence of the
HUB-PU network or Celgard® 2500, respectively. The newly
Fig. 5 (A and B) Optical proof of the cut carried out inside the glove
membrane after 10 cycles at C/5 rate. (C and D) Specific capacity (mA h g
2500 membrane, respectively. The first 10 cycles are carried out before

This journal is © The Royal Society of Chemistry 2022
proposed polymer electrolyte showed high capacity values at
every C-rate, even if slightly lower than those shown by
Celgard® 2500 (121 mA h g�1 and 131 mA h g�1 at 1C, respec-
tively). Despite this, the cell capacities obtained remain rather
impressive for a polymer electrolyte obtained by a new synthetic
process, never explored before by the electrochemistry
community, and it is able to work at room temperature (espe-
cially at 1C). Nevertheless, it is also noteworthy to highlight the
more stable specic capacities provided by the HUB-PU
network, when compared to the Celgard® 2500 counterpart,
aer 200 cycles at constant C/10 current (Fig. S5†) with 93.35%
of the 10th cycle capacity retained for the HUB-PU network,
against 89.78% for Celgard® 2500.
2.4 Performance of Li-metal cells aer mechanical damage
and healing of the HUB-PU gel polymer electrolyte

The charge/discharge capacity comparison at C/5 rate was per-
formed between the HUB-PU network and Celgard® 2500
samples in order to analyze how each membrane was able to
recover aer being cut, i.e. mechanical damage. To properly
carry out this characterization, rst each membrane was cycled
at the abovementioned rate for 10 cycles. Right aer this, both
cells were put into the glovebox and were disassembled. Care-
fully, the LFP cathode was removed and, with a surgeon's knife,
each membrane got a similar cut (see Fig. 5A and B). Succes-
sively, the electrochemical cells were reassembled and the
box on both the self-healable HUB-PU network and Celgard® 2500
�1) vs. cycle number at C/5 rate for the HUB-PU network and Celgard®
the cut, while the subsequent cycles refer to the period after the cut.

J. Mater. Chem. A, 2022, 10, 12588–12596 | 12593

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta02239g


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ee
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

9.
06

.2
6 

17
:5

4:
21

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cycling test was resumed at the same C/5 rate. The obtained
results were very different. As shown in Fig. 5C and D, the self-
healable membrane was able to charge and discharge again,
giving capacity values very close to the ones obtained during the
rst 10 cycles. In particular, the capacity just before the cut was
around 161 mA h g�1, while just aer the cut 159 mA h g�1 was
recovered. Indeed, aer the cut, the HUB-PU network showed
really good performance for another 50 cycles, with capacity
retention of 94.78% at the 50th cycle with respect to the 10th
cycle. Later, this capacity decreases slowly to lower values (as
typical for non-optimized lab-scale cells), but it still works even
aer 100 cycles (Fig. S6†), retaining 79.68% the capacity at the
10th cycle. Of note, from our literature research (see Table S1†),
we conclude that no previous studies were carried out with
polymer electrolytes directly cut in the electrochemical cell and
cycled while still damaged.

On the other hand, in the case of the commercial Celgard®
2500 membrane, Fig. 5D clearly shows its incapability to
recover from the cut (further conrmed by its potential
proles in Fig. S7†). Aer the scratch, the cell worked with
lower capacity values compared to the rst ten cycles. Indeed,
the charge capacity of the rst cycle aer the cut is 27% of that
before the cut and the corresponding discharge capacity is
only 39 mA h g�1. Moreover, the subsequent charge capacity
values seemed quite random, clearly showing the ongoing
failure of the cell.

3. Conclusion

In summary, in this paper a polyurethane network containing
dynamic crosslinking points based on HUBs has been
synthesized and effectively used for the rst time as a self-
healable polymer electrolyte in Li-metal batteries. Notewor-
thily, this novel membrane has shown superior ionic
conductivity to the typical liquid electrolyte embedded in
commercial porous Celgard® 2500 separators. Furthermore,
to the best of our knowledge, self-healing electrolytes have
never been electrochemically cycled while still damaged, only
when already healed. In this paper, the self-healing efficiency
of HUB-PU membranes has been compared aer cutting the
materials and cycling them in lab-scale prototypes at C/5 rate.
In the case of the reference commercial membrane, aer the
scratch the capacity value dropped to half of the previous
values and the electrochemical performances rapidly deteri-
orated. In contrast, the novel HUB-PU membrane showed
good recovery aer mechanical damage and the capacity
values remained constant and similar to the initial ones with
161 mA h g�1 before the cut and 159 mA h g�1 just aer. The
HUB-PU polymer electrolyte with the self-healing feature has
been able to cycle for more than 100 cycles aer damage/
healing. Overall, we believe that the ndings of this work
contribute to optimizing and enhancing the implementation
of covalent adaptable linkages (more specically, HUBs) in
the growing technology transfer of safe, solid-state and self-
repairing materials for electrochemical energy storage, as
well as Li–N2 cells prepared for sustainable ammonia
electrosynthesis.
12594 | J. Mater. Chem. A, 2022, 10, 12588–12596
4. Experimental section
4.1 Materials

Tris[2-(isopropylamino)ethyl]amine (90%), dibutyltin dilaurate
(DBTDL, 95%), hexamethylene diisocyanate (HDI,$98.0%) and
anhydrous tetrahydrofuran (THF, $99.9%) were purchased
fromMerck and used as received. PEG2000 was purchased from
Merck and dried in an oven (70 �C) overnight prior to use. 1.0 M
LiPF6 solution in EC : DEC (1 : 1, v/v) was purchased from Sol-
vionic and used in the glove box. Poly(vinylidenediuoride)
(PVDF-HSV900 : ADX160 90 : 10 wt:wt, Arkema; 10 wt% in N-
methyl-2-pyrrolidinone (NMP) solution), Li disk (Chemetall
Foote Corporation, Ø 16 mm), polypropylene polymeric
membrane (Celgard® 2500, 25 mm-thick, Ø 19 mm), LFP
(Aleees) and carbon black powder (C65, C-NERGY Super C65,
Timcal) were used as received.
4.2 Synthesis of the HUB-PU network

In order to synthesize the self-healable crosslinked poly(urea-
urethane) network (Fig. 2A), HDI (1.5 mmol, 252 mg) was
dissolved, under quite diluted conditions, using anhydrous
THF (13 mL) as a solvent. The solution was kept stirring
vigorously at room temperature. Subsequently, tris[2-(iso-
propylamino)ethyl]amine (0.5 mmol, 136 mg) was added
dropwise in order to form free isocyanate group end capped
hindered urea trimmers. The mixture was stirred for 15 min
and, successively, previously dried PEG2000 (0.75 mmol, 1.6 g)
was added to the solution. Once PEG2000 was properly dis-
solved, DBTDL (2 mol% with respect to NCO content, 9.5 mg)
was added and, aer 5 min stirring, the mixture was deposited
in a rectangular Teon mold. Before the curing step, the
mixture was degassed in a vacuum oven and then heated up to
80 �C overnight.
4.3 Cathode preparation

To obtain the LFP electrode as a cathode for the cell testing,
a slurry consisting of LFP, C65 and PVDF, at a weight ratio of
70 : 20 : 10, was mixed in NMP solvent. Then, the slurry was
coated on an Al foil and dried overnight at room temperature.
The as-obtained electrode was cut into 15 mm-diameter discs
and dried under vacuum at 120 �C for 4 h.
4.4 Membrane activation

The HUB-PU network membrane was cut into 12 mm discs and
dried under vacuum at 50 �C for 12 h before being transferred to
a glovebox and activated by swelling in 1.0 M LiPF6 in EC : DEC
(1 : 1, v/v) for 30 min.
4.5 FTIR spectroscopy

FTIR spectra were obtained using an FTIR spectrophotometer
(Nicolet is20, Thermo Scientic Inc.) equipped with the ATR
feature with a diamond crystal. Spectra were recorded between
4000 and 600 cm�1 with a spectrum resolution of 4 cm�1. All
spectra were averaged over 16 scans.
This journal is © The Royal Society of Chemistry 2022
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4.6 Stress–relaxation measurements

Stress–relaxation experiments to obtain the relaxation modulus
G(t) were carried out using an ARES rheometer (Rheometrics)
under the conditions indicated in the manuscript, using a lm
tension xture and 5% strain. The employed samples had
a width between 1.30 and 1.70 mm, and a thickness between
0.15 and 0.35 mm. The temperature dependence of relaxation
time is described by the Arrhenius equation:

sðTÞ ¼ so exp

�
Ea

RT

�
(1)

where the activation energy was calculated from the slope (9.892
� 0.511 (K), R2 ¼ 0.98795).
4.7 Electrochemical characterization

The electrochemical testing was carried out with the aim of
comparing the newly designed HUB-PU membrane with
a commercial separator (Celgard® 2500) impregnated with 300
mL of the above-mentioned liquid electrolyte.

The ionic conductivity was determined by electrochemical
impedance spectroscopy (EIS) in the frequency range between
100 kHz and 1 Hz at open circuit potential, using a VSP-3e
potentiostat (BioLogic Science Instruments). The activated
membrane was sandwiched between two stainless steel block-
ing electrodes (ECC-Std test cells, EL-CELL GmbH). The
assembled cells were kept in a climatic chamber (model MK53
E2.1 by BINDER GmbH) and tested between 20 and 60 �C. The
resistance of the electrolyte was given by the high-frequency
intercept of the Nyquist plot. The ionic conductivity was calcu-
lated at each temperature using eqn (2):

s ¼ l

A
$
1

Rb

(2)

where l is the membrane thickness, A is the membrane surface
area and Rb is the resistance value at the high-frequency
intercept.

The ESW was evaluated by linear sweep voltammetry carried
out on a stainless steel/HUB-PU membrane/Li cell using
a potentiostat (CH Instruments, Inc.), at a scan rate of 0.5 mV
s�1 from 0.5 to 6 V vs. Li+/Li at room temperature.

The effect of the membrane on Li plating and stripping was
studied using a Li/Li symmetrical cell conguration, with the
HUB-PU membrane sandwiched in between and using the VSP-
3e potentiostat. The current density and the related discharge
capacity were 0.1 mA cm�2 and 0.1 mA h cm�2, 0.5 mA cm�2

and 0.5 mA h cm�2, 1 mA cm�2 and 1 mA h cm�2, respectively.
EIS measurement was performed, between 100 kHz and 1 Hz at
open circuit potential, on fresh cells and aer 10 cycles at each
current density.

The reversibility of Li plating and stripping in a Li/HUB-PU
membrane/Cu cell has been tested by galvanostatic cycling. Li
was plated for 5 cycles on Cu for 1 h at 0.1 mA cm�2 and then
stripped at the same current density up to a voltage cut-off of
0.5 V. Subsequently, increasing current densities of 0.5 and
1mA cm�2 were applied, with related higher limiting voltages of
0.5 and 1.5 V, respectively, for 5 cycles under each condition.
This journal is © The Royal Society of Chemistry 2022
The reversibility of Li deposition is described by the Coulombic
efficiency expressed as the ratio between the areal capacity
(mA h cm�2) of the stripping and the Li plating areal capacity,
times 100.

For testing of lab-scale prototypes, cells with an architecture
based on LFP/HUB-PU membrane/Li were assembled. Galva-
nostatic cycling was performed to assess the lifetime and rate
performances on an Arbin BT-2000 battery tester. The tests were
carried out at room temperature, in three replicas.
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