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In article number 2419034, Haritz. Sardon, Federico Bella,
and co-workers showcase a:newly conceived self-healable
polymer electralyte for lithium batteries. The membranes
containing covalent adaptable networks are able to be
3D-printed to-meet battery large-scale production, as well
as sustaining.in operando damaging and healing steps.
The approachis exploitable in many lithium-mediated

~ =% &0 techriologies, including sustainable ammonia production.
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A Light-Mediated, 3D-Printable, and Self-Healable Polymer

Electrolyte for Lithium Batteries

Fermin Elizalde, Sabrina Trano, Jon Ayestardn, Xabier Lopez de Pariza,

Robert Aguirresarobe, Carlotta Francia, David Mecerreyes, Haritz Sardon,*

and Federico Bella*

Self-healing materials solutions and rapid prototyping approaches are actively
searched to improve the safety and the production processes of batteries at
the gigascale. Here, a self-reparable polymer electrolyte designed into
3D-printable ink formulation for digital light processing is shown. For this
purpose, covalent adaptable networks containing hindered urea dynamic
bonds end-capped with photopolymerizable methacrylate groups are
designed and investigated in terms of dynamicity and self-healing properties.
Electrochemical performance of the electrolytes is tested and compared with a
commercially available benchmark, showing in all cases superior electrolyte
uptake, ionic conductivities, and full specific capacity recovery after being cut
in operando. This work brings the first self-healable and 3D-photoprinted
electrolyte system for lithium batteries, at once ensuring safety, performance,

Lithium-ion batteries (LIBs) have been
employed in several kinds of portable
electronic devices, electric vehicles, and
implantable medical devices.[*® Using
lithium metal as an anode material is
a promising approach to increase the
energy storage capacity of the Dbattery
technology,® 1" as well as for other tech-
nologies, e.g. lithium-mediated nitrogen
reduction to safely produce ammonia and
fertilizers.'”) However, the main draw-
back of lithium-metal batteries (LMBs) is
represented by the safety issues associ-
ated with the undesired lithium dendrite
growth during electrochemical plating

and upscalability; the concept is also exploitable in lithium-mediated and

ammonia electrosynthesis.

1. Introduction

Energy harvesting and storage have been playing an impor-
tant role in the global low/zero-carbon energy strategy.'*] Re-
searchers are exploring new materials to ensure highly perfor-
mant and effective electrochemical energy storage and conver-
sion devices, such as batteries, fuel cells, or supercapacitors.[*>]
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stripping.['*]  Throughout lithium
deposition/stripping, volume changes
are given in the metal anode, leading to
cracks and defects that concentrate Li* flux
and promote lithium dendrites growth,'4]
leading to battery failure. Consequently, the cycling life of
these devices is limited.I"] To face this issue, self-healing elec-
trodes and electrolytes are being developed as a potential solu-
tion, as they can boost the cycling life of electrochemical de-
vices and increase their safety since dendrite growth could be
diminished.['31017]

From the chemical point of view, supramolecular interactions
have been mainly employed to develop self-healing polymers
for batteries. Particularly, hydrogen bonds and ionic interactions
have gained most of the attention, being applied as binders
and, in some literature papers, as polymer electrolytes.!'82%] Re-
cently, covalent adaptable networks (CANs) have emerged as a
new alternative for introducing autonomous repairing proper-
ties. These dynamic networks are particularly interesting as they
offer greater mechanical stability, before and after being repaired,
than the counterparts crosslinked via supramolecular interac-
tions. Moreover, the design of these dynamic networks could pro-
vide enlarged stability at usage conditions while fast-healing abil-
ity under given stimuli. For this purpose, the proper choice of
dynamic covalent bonds and network structure is crucial.?!]

Initially, boronic esters(??l and disulfide bonds!**! were studied
as chemical motifs to provide dynamicity in polymer electrolytes.
However, they are usually expensive, their implementation re-
quires the preparation of a specifically designed monomer, and
their versatility is limited as they provide little tunability in the
dynamic character of the chemical bond. More recently, we have
investigated the use of hindered urea bonds (HUBs)!'® to prepare

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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self-healable polymer electrolytes. This dynamic bond facilitates
an easy implementation into the polymer network in a cost-
effective manner. In addition, HUBs dynamicity can be modified
by appropriately selecting the substituent of the secondary
amine, as reported by Chen et al.?*] and other groups.['?! One of
the most important limitations of the strategy that we developed
was that the formation of the polymer electrolyte membranes
was based on a thermal process, not only limiting the attainable
dimensional reproducibility and complexity, but also increasing
production times. In this regard, advanced manufacturing
technologies, such as additive manufacturing (AM), are crucial
when well-defined and reproducible morphologies are required.

AM, commonly named 3D printing, has brought signifi-
cant advancements and transformative changes in manufactur-
ing processes. AM offers a range of advantages including de-
sign freedom for complex geometries, rapid prototyping, cost-
effectiveness, and — more importantly — the potential for straight-
forward customization and personalization.[?] Highly detailed
and accurate printings can be achieved with a wide range of ma-
terials for different applications.!?) AM methods have become
particularly interesting to develop systems applicable in the fu-
ture of energy storage devices.[’! In particular, 3D printing for
LIBs and LMBs has been recently demonstrated for the prepa-
ration of cathodes,?8! anodes,!?’! inorganic solid electrolytes, !
and flexible architectures;[*! also, a comprehensive review on
this topic has been just published by Sida et al.,[3?! where two
main outstanding achievements emerge: i) a flexible control of
the electrode structure on a microscopic scale, which is crucial
to improve the energy density of miniaturized devices; ii) solid
electrolyte consisting of periodically arranged vertical channels
and hierarchically porous filaments that facilitate the liquid elec-
trolyte infiltration and rapid ion diffusion for high-performance
cells.

So far, direct ink writing (DIW) has been the most applied
method in that field due to the wide range of employed materi-
als, the simplicity of the process, and the low cost. Nevertheless,
high active mass loadings into the slurry promote the increase of
the viscosity in the ink, becoming a technical issue. Furthermore,
structures produced through DIW are often restricted in terms of
height due to the inherent limitations of stacking multiple layers,
especially when the inks do not solidify fast and completely.!>3!
An underutilized alternative to DIW is vat photopolymerization
(VP).3*] VP presents a cost-effective, readily processable, and
high-resolution method to print any type of polymeric material.
One of the greatest advances of VP, besides the high resolution,
is the reduced material waste that is generated using this tech-
nology. The significant advantage of VP is that fabricated elec-
trodes can have smaller feature sizes and more complex geome-
tries than those made via other AM methods enlarging the attain-
able properties. Moreover, reduced waste is an important aspect
considering the increasing demand for energy storage devices.!*!
While the benefit of VP to fabricate self-healable polymer elec-
trolytes is out of the discussion, the biggest challenge faced by
VP is the lack of inks with desired functionality that meet the
requirements to be printable, such as low viscosity to minimize
suction pressure and adhesion,*%! or fast curing times to achieve
high resolution in a cost-efficient fashion.[*”! Therefore, relatively
few examples of printed polymer electrolytes by VP have been re-
ported so far,’®*] and as far as we are aware they do not have self-
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healing capabilities. Within this context, among VP processes
digital light processing (DLP) is a well-established method, due
to excellent feature resolution and building speed.[*!

In this article, a new generation of high ion-conductive DLP
printable polymer electrolytes based on hindered urea dynamic
chemistry was investigated (Scheme 1). The use of UV-light to
trigger the photopolymerization enables the rapid production of
polymer electrolytes, making it compatible with additive manu-
facturing methods, such as DLP. In the first stage, we end-capped
a low viscosity and high conductivity hindered urea-urethane
oligomer with photocurable methacrylic moieties. Subsequently,
we investigated its UV-photopolymerization in the form of mem-
branes or 3D-printed objects. Then, the ionic conductivity, elec-
trochemical stability, and self-healing properties of the obtained
poly(urea-urethane) polymer electrolyte were investigated. Fi-
nally, its performance in lab-scale LMBs was assessed, including
the use of VP in the fabrication process of the cell.

2. Results and Discussion

2.1. Synthesis of Dynamic UV-Curable HUB-PU
Poly(Urea-Urethane) Networks

Novel poly(urea-urethane) networks were obtained through the
synthetic route shown in Figure 1A. First, dynamic HUB-
containing trimers are synthesized, reacting two equivalents
of aliphatic isocyanate (hexamethylene diisocyanate, HDI) with
one equivalent of N,N’-di-tert-butylethylenediamine. This amine
has been selected as —in previous work —it showed the best
dynamic behavior according to the bulkiness of the isopropyl
substituents.[*!l The dynamic trimers were then reacted with
poly(ethylene glycol) (PEG) diols using an organotin catalyst (i.e.,
dibutyltin dilaurate - DBTDL). This polyol has been used as it can
provide the highest conductivity values with reduced viscosity.
In the last step, 2-hydroxyethyl methacrylate (HEMA) was added
to end-cup oligomer chains, yielding a difunctional oligomer
reactive toward UV-induced radical photopolymerization, using
2,2-dimethoxy-2-phenylacetophenone (DMPA) as a photoinitia-
tor. These were characterized by 'H nuclear magnetic resonance
(NMR) to confirm their chemical structure; spectra are shown in
Figures S1 and S2 (Supporting Information). Besides, the curing
behavior of every step has been followed by Fourier-transform
infrared (FTIR) spectroscopy, as shown in Figure 1B. As it can
be seen in the spectra, in the first step the isocyanate stretch-
ing band at 2256 cm™! completely disappeared (grey band) and a
new band corresponding to the formation of the urea group ap-
peared at 1618 cm™! (blue band), followed by the corresponding
band of urethane group at 1717 cm™! (orange band). Subsequent
to the photopolymerization step, the HEMA-derived methacry-
late band was expected to be consumed, although it was not ob-
served due to overlapping with the urea group present in the
compound. To confirm the methacrylate conversion and, there-
fore, the curing process, photo-differential scanning calorimetry
(DSC) experiments were carried out. These new data revealed
that, under UV-light irradiation (370 nm), high monomer conver-
sion (>85%) was achieved for all the tested formulations within
the first minute of irradiation (Figure S3, Supporting Informa-
tion). Besides, the formation of the dynamic thermoset mate-
rial was confirmed by gel content experiments, where values
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Scheme 1. Synthesized polymer structure and newly conceived strategy in this work.

~40% were obtained, due to the dynamic behavior of the bulky
moiety.

To investigate the impact of varying the amounts of dy-
namic bonds on electrochemical performance, the N,N’-di-tert-
butylethylenediamine/PEG2100 ratio was adjusted to create
three distinct formulations, as outlined in Table S1 (Supporting
Information) (entries 1-3). Furthermore, to compare formula-
tions containing PEG segments of different molecular weights
(i.e., M, = 2100 and 4300 g mol™), an additional composi-
tion (i.e., entry 4) was synthesized while maintaining the max-
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imum quantity of dynamic bond (i.e., 1.5 eq. of N,N'-di-tert-
butylethylenediamine). From now on, these polymeric networks
will be abbreviated as polyPU-HUB.

2.2. Self-Healing Properties and Dynamicity of Polypu-HUB
Networks

HUBs have been employed in this work due to their low disso-
ciative temperature needed for the exchange. Figure 2A shows
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Figure 1. A) Synthetic procedure for obtaining cross-linked aliphatic polyurethanes with dynamic crosslinking points based on HUBs. B) Representative
FTIR spectra of the reaction between N,N’-di-tert-butylethylenediamine and HDI (black spectrum). The addition of PEG (M,, = 2100 g mol™") to the mix-
ture (red spectrum) and the spectrum obtained for the prepolymer formation (blue spectrum) are also shown. Finally, the green spectrum corresponds

to the final poly(urea-urethane) film crosslinked by UV light for 45 s.
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Figure 2. A) HUB dissociative exchange equilibrium. B) Stress-relaxation analysis for all the formulated membranes, performed at 120 °C. C)
Scratch disappearance in PU2100_HUB_1.5eq network membrane after being kept 10 h at 60 °C C) Rate performance of a cell assembled with the
PEG2100_HUB_1.5eq. composition and D) 16 h at 50 °C with little pressure (applied by closing two glass pieces with paper clips).

the dissociative mechanism inherent to this dynamic bond. Due
to the bulkiness of the amine substituent, the formed urea can
dissociate in the original free isocyanate and substituted amine
as reported by Cheng and coworkers.!?!] Once this step is given,
these free functional groups can react with other isocyanates
and amines, triggering a network rearrangement process, which
leads to self-healing behavior.

It is well established that exchangeable bonds allow chain re-
arrangement in CANs, providing the expected self-healable prop-
erties to the material. For this reason, the rheological properties
of the three different polymer networks were investigated. Un-
der continuous strain (5%), the decrease of the moduli is given
when internal chain reorganization takes place. Based on the
obtained stress-relaxation times (z) (Figure 2B), it can be con-
cluded that all the compositions that had initial storage mod-
ulus in the range of 0.4-12 MPa (Figure S4, Supporting Infor-
mation) stress-relaxed very fast at 120 °C. The main difference
observed was related to the PEG length employed in each for-
mulation. The material containing PEG4300 relaxed at longer
times (r = 514 s) than the networks containing PEG2100 (r =
109 s for PU2100_HUB_1.5eq., 141 s for PU2100_HUB_1.25eq.,
and 306 s for PU2100_HUB_1.0eq.). Thus, it can be concluded
that, among these three compositions, a higher dynamic bond
ratio showed faster relaxation, and the PEG length is a key
factor for the overall dynamicity of the materials. Consider-
ing these relaxation times, PU2100_HUB_1.5eq. has been cho-
sen for the self-healing trials. This network showed the fastest
stress-relaxation times in all the explored range of temperatures
(80-140 °C).

Adv. Funct. Mater. 2025, 35, 2419034 2419034 (4 of 11)

Afterward, the self-healing behavior of the polyPU-HUB net-
works obtained by photopolymerization was assessed by optical
microscopy. PU2100_HUB_1.5eq. was heated up to 60 and 50 °C
under little pressure. These temperatures were both sufficient to
surpass the melting temperature of PEG2100. As presented in
Figure 2C, the healing process started in the first 15 min. How-
ever, it was not completed in such a short time. After 4 h, instead,
total healing was almost achieved, and the sample continued the
repairing phase up to 10 h, to finally exhibit a completely flat sur-
face without visible scratches. Instead, at 50 °C the scratch was
recovered after 8 h, and the complete initial shape was rearranged
after 16 h.

2.3. DLP 3D Printing of PolyPU-HUB Networks

After confirming the preparation and repairability of the
material, DLP photopolymerization was used to obtain 3D-
printed figures of the polyPU-HUB networks. As illustrated in
Figure 3A, this procedure initiates with a liquid photo-cross-
linkable resin, which is irradiated using UV-light. This action in-
duced the crosslinking of the desired shape that is adhered to the
platform while this moved along the Z-axis from bottom to top,
building the final object in a layer-by-layer process.

One of the key requirements for successful DLP printing is
that the viscosity of the resin must be low (i.e., n &~ 0.2-10 Pa s).[*?]
For this reason, although polyPU-HUB ink showed the ability
to form membranes by photopolymerization, it was not suitable
for complex architecture printing due to its higher viscosity, and
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Figure 3. A) Scheme of the DLP technique showing the main workflow for the fabrication of 3D objects. B) Photorheometry measurements of PEG575 +
PU2100_HUB_1.5eq. (80/20 wt/wt) formulation. C) Representative image of a 3D printed figure design, i.e., Mole Antonelliana building in Turin (ltaly),

scale bar 1cm.

therefore low recoating efficiency. To enhance the resin print-
ability, a low-viscosity reactive diluent (i.e., poly(ethylene glycol)
diacrylate-PEGDA, M, 575 g mol™!) was added to facilitate the
printing of PEGDA575/PU2100_HUB_1.5eq. (80/20 wt:wt), to-
gether with a photoinitiator (i.e., DMPA 1 wt.%). All the compo-
nents of the resin were stirred in the darkness at room temper-
ature, obtaining a transparent resin of the correct viscosity for
its printing. Upon UV-light irradiation, the resin cures through
well-established free-radical polymerization of radical-sensitive
(meth)acrylate groups, provoking the solidification of the resin.
Before printing, photo-rheology experiments were performed
using a UV-light accessory bearing an LED centered at 365 nm
and under different light intensities (i.e., 10, 20, and 40 mW
cm™?), to optimize printing conditions and to see the effect of
the irradiation intensity on the crosslinking kinetic (Figure 3B).
At all irradiation intensities, the material showed extremely fast
crosslinking kinetics, with storage modulus (G’) over loss modu-
lus (G”) crossover times lower than 1 s in all cases. Therefore,
it seems that the irradiation intensity does not have much ef-
fect on the crosslinking rate. Besides, the plateau G’ after irra-
diation was in all the cases between 20 and 30 MPa, suggesting
equivalent network formation in all the cases. Therefore, among
the tested intensities, 10 mW cm™ was used to print this ma-
terial, since it seemed to be sufficient to induce fast photocur-
ing of the resin. Besides, layer exposure time and first layer ex-

Adv. Funct. Mater. 2025, 35, 2419034 2419034 (5 0f11)

posure time were determined as previously reported using Ja-
cob’s working curve,[**] first layer irradiation time was found to
be 5 s, while 0.9 s normal layer exposure time was chosen for lay-
ers of 50 um. With these printing conditions, high-resolution 3D
structures were printed in fast times (i.e., the Mole Antonelliana
building shown in Figure 3C was printed in 97 min, this being
21 mm high). It must be added that the high Z-axis resolution
obtained by VP (i.e., 50 um) increases the reproducibility of elec-
trolyte preparation while keeping a high productivity rate. After
the printing process, the uncured resin was removed using iso-
propyl alcohol, and the final product was post-cured under UV
(Asiga Flash UV curing chamber) for 5 min.

2.4. Electrochemical Characterization of PolyPU-HUB Networks
as Polymer Electrolytes

For the complete electrochemical characterization of UV-cured
membranes, prepolymer mixtures of each composition were
deposited in molds and cured for 1 min under UV light.
The crosslinked poly(urea-urethane) membranes were die-cut
into 12 mm diameter small discs. Then, the swelling process
was performed in a commercially available LiPF, 1 M solu-
tion in ethylene carbonate and diethyl carbonate (EC:DEC) 1:1
mixture; finally, a self-healable gel-polymer electrolyte with a
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Figure 4. A) lonic conductivity values at different temperatures for the polyPU-HUB networks and Celgard 2500 systems. B) Rate performance of a cell
assembled with the PEG2100_HUB_1.5eq. composition. C) Potential versus test time of Li* stripping and plating for a symmetrical Li/Li cell at various
current densities and at room temperature for the PU2100_HUB_1.5eq. composition.

diameter of 18 mm was obtained. These membranes were tested
as polymer electrolytes in different cell configurations: i) sym-
metrical stainless steel|polymer electrolyte|stainless steel cells
were used to measure the ionic conductivity; ii) Li-metal|polymer
electrolyte|Li-metal cells were assembled to investigate the trans-
ference number and the Li* ion plating and stripping behavior;
iii) Li-metal|polymer electrolyte|LiFePO, half-cells were prepared
to assess the cycling performances (i.e., charge/discharge tests)
in lab-scale prototypes.

Concerning one of the most decisive features of an electrolyte,
the ionic conductivity values were measured between 20 and
60 °C for all the novel compositions and for the well-known, com-
mercially available Celgard 2500 polyolefin-embedded porous
separator. The synthesized polymer electrolytes showed, for each
composition, a conductivity value almost one order of magni-
tude higher than that of the commercial separator, as shown in
Figure 4A. The poly(urea-urethane) membranes showed close
conductivity values among them, but the composition with the
lowest amount of HUB dynamic bonds led to the highest val-
ues in the whole temperature range. Probably, this stoichiomet-
rically adjusted material possesses well-distributed chains, which
allows a homogeneous entrapment of the liquid electrolyte in
the membrane matrix, facilitating Li* conduction. The composi-
tions with increasing amounts of HUBs (from 1.25 eq. up to 1.5
eq.) showed lower but very similar values, regardless of the em-
ployed PEG length. In this case, hard segment sections are dis-
tributed more irregularly and the Li* conductive pathways across
the membrane are not so well distributed and defined as in the
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PU2100_HUB_1.0eq. sample. Nevertheless, the second-best con-
ductivity trend was achieved by PU2100_HUB_1.5eq. sample, as
a result of a compromise between the dynamicity of the HUBs
and the mechanical stiffness provided by their hard segments.
The electrochemical effect of the perfect distribution of the
PU2100_HUB_1.0eq. chains versus the compromise in the
PU2100_HUB_1.5eq. is also qualified by the higher Lit* transfer-
ence number (¢;;,) of the former sample with respect to the latter
(i-e., 0.49 vs 0.29, determined by Bruce—Vincent’s method). The
stoichiometrically adapted matrix of PU2100_HUB_1.0eq. allows
a perfectly homogeneous flux of Li* ions across its thickness,
providing the highest ¢;;, value; nevertheless, the most promis-
ing polymer electrolyte should be the one possessing the best
trade-off between the ability to conduct ions and the mechan-
ical properties to manage continuous charge flux and volume
changes of the entire system. Indeed, the dynamicity witnessed
by its fastest relaxation time indicates the PU2100_HUB_1.5eq.
as the best-performing electrolyte during the plating and strip-
ping test. In the symmetric cell, a continuous flux of Li* mi-
grates from one lithium metal electrode to the other, and vice
versa depending on the sign of the applied current. The recorded
overpotential depends on the resistance at the interfaces be-
tween the electrolyte and the electrodes. Its value and shape
can give a detailed insight into the polymer membrane’s per-
formance as an electrolyte. The PU2100_HUB_1.5eq. gel elec-
trolyte showed the most desirable plating and stripping behav-
ior among the four explored compositions; opposing the low-
est resistance to the Li* transference, it results in the lowest
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Figure 5. A) Cell disassembling and polymer electrolyte scratching step to carry out an in operando self-healing test (i.e., during the electrochemical
test of the Li-metal cell). B) Charge/discharge test at C/5 of the cell assembled with the 3D-printed PU2100_HUB_1.5eq. polymer electrolyte, before and
after the mechanical damage of the membrane. C) The same experiment was carried out with a commercial Celgard 2500 separator.

overpotential (Figure 4C) with respect to the other formula-
tions (Figure S5, Supporting Information). Indeed, as the above-
mentioned stress-relaxation time of the rheological results in-
creases (from PU2100_HUB_1.5eq. to PU2100_HUB_1.25¢q.,
PU2100_HUB_1.0eq., and PU4300_HUB_1.5eq.), so does the
overpotential of the four systems. The highest dynamicity of
PU2100_HUB_1.5 eq. guarantees also aligned plating and strip-
ping profile shapes as the current density rises from 0.1 to
1 mA cm™; meanwhile, the balanced stiffness, also provided by
the higher amount of HUBs, avoids the occurrence of relevant
peaks in the overpotential profile, which would have otherwise
indicated the growth of lithium dendrites. In general, these find-
ings showcased a significantly smoother plating and stripping
profile for the PU2100_HUB_1.5eq electrolyte, suggesting sup-
pressed growth of lithium dendrites and great reversibility of Li*
ions plating and stripping.

To study the cycling performance of the self-healable
poly(urea-urethane) networks and to compare them with a com-
mercial Celgard 2500 separator, lithium metal-based half-cells
with LiFePO, (LFP) as a cathode were assembled and tested at
room temperature. Figure 4B presents the cell performances
at increasing specific currents (from C/10 to 1C) in the pres-
ence of the PU2100_HUB_1.5 eq network. The electrochemi-
cal performance exhibited by the latter is the most impressive.
Figures S6 and S7 (Supporting Information) show the rate per-
formances for the four poly(urea-urethane) compositions and
the Celgard 2500 system, respectively. As predictable, among
these five systems, Figures S6 and S7 (Supporting Information)
show that PU_2100_HUB_1.0eq., PU2100_HUB_1.5eq, and the
commercial separator provided the highest (and very close
among them) specific capacities. The most prompt electrochem-
ical response to the current rate increase was achieved by the
PU2100_HUB_1.5eq. sample, in light of its fastest mechanical
response to the continuous stress—strain previously discussed.
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Indeed, the fastest chain rearrangement of PU2100_HUB_1.5eq.
electrolyte allowed, at the 21th cycle, the immediate retainment
of 95% of the first cycle discharge capacity, when the C-rate is
brought back to C/10; its thermal stability under air atmosphere
is also shown in Figure S8 (Supporting Information), highlight-
ing a truly high resistance of the polymeric backbone in the com-
mon temperature operative range of LMBs. In parallel, the Cel-
gard 2500 membrane retained 85% of the initial value (data not
reported), while PU_2100_HUB_1.0eq. kept the 75%.

2.5. Self-Healing During Electrochemical Tests

As explained in the previous sections, controlled thin mem-
branes of the hindered poly(urea-urethane) networks contain-
ing PEG2100 are affordable due to the low printing times nec-
essary to completely cure 100 pum-thick discs. These materials
have been selected considering the results from our previous
electrochemical characterization and stress-relaxation measure-
ments. The PU2100_HUB_1.5eq.-based polymer electrolyte was
then electrochemically tested for 10 charge/discharge cycles at
C/5 rate before being disassembled and mechanically scratched
with a surgeon knife in the glovebox (Figure 5A). Then, the elec-
trochemical cell was reassembled, and without any thermome-
chanical treatment, the charge/discharge test was re-started at
the same C/5 rate at room temperature. The first values of the
specific capacity recorded just after membrane damage were sur-
prisingly superior to those related to the formerly undamaged
membrane; we carried out this experiment in five replicas and
this behavior was fully reproducible. Probably, due to the highly
dissociative behavior of the HUBs, the material is not totally well
healed at this stage and has more free channels available for
Li* movement and possible lithium plating near the damage,
causing this superior capacity. Nevertheless, the healing process
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naturally continued during the subsequent charge and discharge
cycles, and the polymer electrolyte reached complete recovery up
to the nullification of the excess capacity of the first post-cut cycles
(Figure 5B). Conversely, the commercially available electrolyte
Celgard 2500 (Figure 5C), which underwent the same protocol,
failed a few cycles after the membrane cut due to the growth
of dendrites that led to cell short-circuit. The novel 3D-printed
electrolyte showed great specific capacity values, and marvelous
self-healing properties, and retained 91% of the discharge capac-
ity recorded at the first cycle after as many as 200 cycles; a rate-
capability test is also shown in Figure S9 (Supporting Informa-
tion). The presence of a scratch on the solid polymeric matrix rep-
resents for Li-ions a kinetically enhanced pathway, with lower re-
sistance on the overall electrolyte thickness, and, thus, a hotspot
for the lithium plating and the dendrite growth. However, such
a high capacity retention proved the achievement of the damage
healing prior to the growth of the dendrite to the point of no re-
turn. This result stands out in the field of self-healing polymer
electrolytes (e.g., dynamic boronic ester bonds-based,[**] siloxane
networks,!*’] methacrylates,[*?] ionic liquids-laden polymers,!*¢]
etc.), both in terms of durability and for the ability to make cell
work even after a membrane cut.

The previous plating and stripping test demonstrated that
the best composition of PU2100_HUB_1.5eq. can deliver the
most performant potential profile when conducting Li* ions
forward and backward at increasing current density under
ideal conditions. However, the primary scope of this work
is to propose a quasi-solid polymer electrolyte capable of
self-healing its damages before the formation of fully grown
metal dendrites. Therefore, the 3D-printed PU2100_HUB_1.5eq.
electrolyte underwent an additional plating and stripping ex-
periment. In this case, the symmetrical Li-metal|polymer
electrolyte|Li-metal cell was assembled with a slightly damaged
3D-printed PU2100_HUB_1.5eq. and tested at the constant cur-
rent density of 0.5 mA cm™ for 300 h at room temperature. In
Figure 6, the novel 3D-printed membrane effectively withstood
the challenging current and test duration without any short cir-
cuits. Notably, voltage spikes were observed during the initial cy-
cles, representative of the nucleation of lithium dendrites near
the damaged area, which confirms the theory of the higher ca-
pacities shown in Figure 5B during the first post-damage cy-
cles. Subtle, but relevant, it is the presence of the peaks only
in the upper potential window, where the nucleation on the Li-
metal occurs, only at the damaged interface. Nevertheless, these
peaks diminished in the subsequent cycles, disappearing into
a symmetric and regular potential curve, suggesting that the
scratch healed before causing irreversible damage. Subsequently,
a constant overpotential, higher than that of the undamaged
PU2100_HUB_1.5eq. shown in Figure 4B (i.e., 0.5 vs 0.1 V vs
Li*/Li), was reached, resulting from the less homogenous inter-
face formed during the initial healing cycling. Nonetheless, as
illustrated in the inset of Figure 6, the potential profile of the post-
healing cycles recovered and was preserved for the remaining test
duration.!”]

3. Conclusion

In this work, the development of covalent adaptable networks
containing hindered urea dynamic bonds as self-healable and 3D-
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Figure 6. Plating and stripping tests were carried out at constant current
density on a Li/Li symmetrical cell assembled with a slightly damaged
PU2100_HUB_1.5eq. electrolyte. In the inset, the potential profiles of 3
cycles after the interface stabilization are zoomed.

printable polymer electrolytes for LMBs is reported. The CAN
chemistry was tailored to be compatible with UV-light photopoly-
merization through the design of a new family of hindered-urea
dimethacrylate oligomers.

The dynamicity of the CAN formulations was investigated by
rheological studies. Fast stress-relaxation times were obtained
with raw formulations, directly related to the dynamic bond con-
centration. According to these results, self-healing properties
were studied by optical microscopy for the most dynamic formu-
lation (i.e., PU2100_HUB_1.5eq.). Then, new membranes and
3D-printing objects were obtained by fast UV-light curing. The
electrochemical performance of polymer electrolytes formulated
for LMBs was assessed and compared with those recorded with a
commercially available separator (i.e., Celgard 2500), showing in
all cases superior ionic conductivities and cycling performances.

The most promising formulation was selected to fabricate
thickness-controlled separators polymer electrolyte membranes
by VAT photopolymerization. The potential advantage of the self-
healing ability of the hindered-urea CANs was demonstrated by
opening a lab-scale LMB cell and cutting the polymer electrolyte.
Notably, the self-healing CAN keep high capacity values after re-
covery from the cut, showing a great performance even after 200
cycles. In contrast, in the case of the commercially available sep-
arator, the capacity values rapidly dropped after the scratching.

Overall, these findings contribute to the implementation of
new self-healing polymer chemistries such as hindered-urea
CANSs as safe solid (or quasi-solid) electrolytes for batteries. Fur-
thermore, this work paves the way for lab-scale research into a
manufacturing method that allows to scan and optimize the poly-
mer electrolyte thickness, finding the threshold between ionic
conductivity and mechanical support; also, it makes another step
further, showing for the first time that self-healable electrolytes
can be manufactured by VAT photopolymerization, thus being
compatible with 3D-printing processes in the new-generation
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battery gigafactories, as well as lithium-mediated ammonia elec-
trosynthesis.

4. Experimental Section

Chemicals and Materials: N,N’-di-tert-butylethylenediamine,
dibutyltin dilaurate (DBTDL, 95%), hexamethylene diisocyanate
(HDI, >98.0%), anhydrous tetrahydrofuran (THF, >99.9%), 2,2-
dimethoxy-2-phenylacetophenone (DMPA, 99%), poly(ethylene
glycol) diacrylate (PEGDA, M,, 575 g mol™), and 2-hydroxyethyl
methacrylate (HEMA, >97.0%) were purchased from Merck and
used as received. PEG2100 and PEG4300 were purchased from
Merck and dried in the oven (70 °C) overnight before use. LiPF
1.0 M solution in EC:DEC (1:1 v:v) was purchased from Solvionic
and used in the glovebox. Poly(vinylidene difluoride) (PVDF) as
polymer binder (HSV 900:ADX 160 90:10 wt.%) was acquired
from Arkema, and used at 10 wt.% in N-methyl-2-pyrrolidinone
(NMP). This latter, along with lithium disks (Chemetall Foote
Corporation, @ 16 mm), poly(propylene) polymeric membrane
Celgard 2500 (25 um-thickness, @ 19 mm), LiFePO, (Aleees), and
carbon black powder (C65, C-NERGY Super C65, Timcal), was
used as received.

Synthesis of PU2100_HUB and PU4300_HUB Membranes:
To synthesize self-healable crosslinked poly(urea-urethane) net-
works, let's take PU2100_HUB1.5eq. as a representative ex-
ample. N,N’-di-tert-butylethylenediamine (0.56 mmol, 97 mg,
121 pL) was added dropwise to HDI (0.94 mmol, 158 mg) to form
free isocyanate group end-capped hindered urea dimmers and re-
dissolved in a little amount of anhydrous THF (1 mL). The solu-
tion was kept stirring at room temperature for 15 min. Previously
dried PEG2100 (0.19 mmol, 400 mg) was then added to the so-
lution at 65 °C. Once PEG was properly mixed, DBTDL (2 mol%
with respect to the -NCO content, 0.019 mmol, 11 pL) was added
and, after 10 min stirring, HEMA (0.37 mmol, 49 mg, 45.5 pL)
was introduced to the end cap poly(urea-urethane) chains. The
photoinitiator DMPA (5 wt.%) was added in this step. The mix-
ture was placed in a circular Teflon mold. The curing step (1 min)
was performed by UV-light after THF evaporation in the oven
(15 min). The VAT photocuring was performed as explained in
Figure 3A.

All the compositions synthesized for this work were summa-
rized in Tables S1-S5 (Supporting Information). To obtain thin
membranes for battery applications by VAT photopolymeriza-
tion, these resins were used without further modifications. In-
stead, to create more complex 3D structures, each formulation
has to be tuned as explained in the next section.

Synthesis of PU2100_HUB Containing 3D Printable Resin Mix-
ture: Previously synthesized PU2100_HUB1.5eq. was mixed
with PEGDA (20/80 wt.%) to create a non-crystallizing resin.
This mixture was used for 3D-printing more complex geome-
tries, such as the one shown in Figure 3C using a Asiga Max-UV
commercial DLP printer.

Characterization of Poly(Urea-Urethane) Membranes: 'H-
NMR spectroscopy data were recorded on a 300 MHz Bruker
Advance DPX spectrometer at 20 °C. The samples were dissolved
in deuterated chloroform and chemical shifts were reported in
ppm referenced to solvents peaks. FTIR spectra were recorded
on a Nicolet iS20 Spectrometer using attenuated total reflection
at a resolution of 2 cm™! and a total of 32 interferograms. Photo-
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DSC analyses were performed in a DSC25 from TA instruments
coupled to a custom photocalorimetric accessory, using a Kessil
UV-LED light-emitting lamp centered at 370 nm. Isothermal
experiments were conducted using ~1.5 mg of sample. Calcu-
lation of functional group conversion was performed using the
area under the integral of the exothermic peak, as previously
reported.[*8]

Cathode Preparation: To prepare the LiFePO, electrode as a
cathode for cell testing, a slurry consisting of LiFePO,, C65, and
PVDF was prepared at a 70:20:10 weight ratio, using NMP as a
solvent. Then, the slurry (homogenized in a mixer mill, Retsch
MM40) was coated onto an aluminum foil with a doctor blade
film applicator and dried overnight at room temperature. The re-
sulting electrode was then cut into discs of 15 mm-diameter and
subjected to vacuum drying at 120 °C for 4 h (Biichi Glass Oven
B-585) and stored in an argon-filled glovebox (MBraun Labstar,
H,0 and O, content < 1 ppm) for cell assembly.

Membrane Activation: The different membranes prepared in
this work were cut into 12 mm discs, dried under vacuum at 50 °C
for 12 h, and then transferred into a glovebox to be activated by
swelling in a LiPF, 1.0 M solution in EC:DEC (1:1 v:v) for 40 min.
For the membrane containing PEG4300, the swelling time
was 1 h.

Stress Relaxation Measurements: Stress relaxation experi-
ments to obtain the relaxation modulus E(t) were carried out
by an ARES rheometer (Rheometrics) under the conditions in-
dicated in the manuscript, using a film tension fixture and
5% strain. Employed samples had a width between 1.20 and
2.05 mm, and a thickness between 0.15 and 0.35 mm.

Photorheometry Measurements: The rheometer AR-G2 (TA In-
struments) was used, equipped with a 365 nm ultraviolet light
emission accessory of variable intensity. A 20 mm-diameter up-
per parallel plate geometry was used, with a transparent acrylic
bottom plate to let the irradiation pass through. A gap value of
300 um was used. The measurements were carried out at 60 °C
(to keep the material melted) and in the linear viscoelasticity zone
(i.e., at deformations where the structure of the material was not
altered) so that measurements were comparable with each other.
To monitor the effect of the light irradiation intensity on the pho-
tocuring of the resin, measurements were made at 10, 20, and
40 mW cm™2. Irradiation was initiated after 60 s.

Electrochemical Characterization: The electrochemical testing
was carried out to compare the newly designed polyPU-HUB
membrane with a commercial separator (i.e., Celgard 2500) im-
pregnated with 300 L 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 po-
tentiostat (BioLogic). The activated membrane was sandwiched
between two stainless steel blocking electrodes (ECC-Std test
cells by 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’s plot.
The ionic conductivity was calculated at each temperature using
Equation (1):

o =(/A) x (1/Ry) (1)
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where [ is the membrane thickness, A is the membrane sur-
face area, and R, is the resistance value at the high-frequency
intercept.

The transference number was measured by Bruce, Vincent,
and Evans method.*) A CR2032 coin cell was assembled with
two lithium foil sandwiching the tested electrolyte. An EIS exper-
iment between 100 kHz and 0.1 Hz was carried out before and
after applying a constant polarization potential of 10 mV, measur-
ing the initial (I,) and the steady-state (I,) current values, as well
as the initial (R,) and the steady-state (R,) interfacial impedance
values. The lithium transference number was calculated accord-
ing to this equation:

L(AV = I,R,)

I,(AV-1LR) @

b =

The electrochemical stability window (ESW, data not shown)
was assessed by linear sweep voltammetry (LSV), carried out onto
a stainless steel|polyPU-HUB membrane|Li-metal cell by a po-
tentiostat (CH Instruments, Inc.), at a scan rate of 0.5 mV s7!
from 0.5 to 6 V versus Li*/Li at room temperature.

The effect of the membrane on Li* plating and stripping was
studied using a Li-metal/Li-metal symmetrical cell configuration,
with the polyPU-HUB membrane sandwiched in between and
using the VSP-3e potentiostat. The current density and the re-
lated discharge capacity were 0.1 mA cm~2 and 0.1 mAh cm2,
0.5mA cm™ and 0.5 mAh cm™2, 1 mA cm~2 and 1 mAh cm™2, re-
spectively. A EIS measurement was performed, between 100 kHz
and 1 Hz at open circuit potential, on fresh cells and after 10 cy-
cles at each current density.

For lab-scale prototype testing, cells with an architecture based
on LiFePO,|polyPU-HUB membrane|Li-metal were assembled.
Galvanostatic cycling was performed to assess lifetime and rate
performances on an Arbin BT-2000 battery tester. The tests were
carried out at room temperature and the charge/discharge rates
were based on the LiFePO, theoretical specific capacity of 170
mAh g !. The same configuration was used to assess the self-
healing capability of the PU2100_HUB_1.5eq. and the impreg-
nated Celgard 2500 galvanostatic cycling the cells for 10 cycles
at C/5, disassembled, scratched with a knife, and reassembled to
keep cycling at the same C-rate for 200 cycles. With the same pur-
pose, a symmetrical Li/Li cell assembled with a slightly damaged
PU2100_HUB_1.5eq. electrolyte underwent 300 h of plating and
stripping at 0.5 mA cm™.

Each electrochemical measurement described in this section
was conducted in at least three replicates.
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