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Broader context

Multifunctional scavengers in an MOF-Al,Oz-
based Janus separator for high-voltage lithium
batteriest

S. Davino,® P. Mustarelli, © ®< D. Callegari ¢ *** and E. Quartarone {2 2®

LiPFg-based electrolytes undergo degradation when exposed to even small humidity traces, generating
HF that usually causes corrosion of Ni/Mn-based cathodes (e.g. LiNigsMn; 504 spinel, LNMO) with conse-
quent loss of transition metal (TM) ions. This phenomenon leads to detrimental phenomena responsible
for the significant reduction of both capacity and lifetime of Li-based batteries. Here, a multifunctional
P(VDF-HFP)-based Janus separator for smart Li batteries is developed to prevent the above-mentioned
degradation phenomena. The multi-functions consist of two different scavengers for HF and H,O,
respectively. Alumina nanoparticles are used as HF trapping agents, given their ability to react with
hydrofluoric acid, while a metal-organic framework (HKUST-1) is chosen as a molecular sieve for the
water molecules. The Janus membrane was tested as a separator in an LNMO half-cell under harsh con-
ditions with a water-enriched (100 ppm) electrolyte. The Janus separator exhibits significantly enhanced
cycling performance, with capacity retention exceeding 90% after 200 cycles at 1C (>120 mA h g™, in
contrast to the bare P(VDF-HFP) film, showing capacity retention lower than 70%. Post-cycling ICP-OES
analysis revealed that the leaching of TM metal ions from the spinel lattice upon cycling is halved in the
case of cells with a Janus membrane as the separator. Moreover, the synergistic effects of the two sca-
vengers (Al,Oz and an MOF) in the LNMO-based cells are remarkably beneficial in terms of enhanced re-
sistance towards thermal runaway. The Janus separator, including scavenging functions, has great poten-
tial to enhance the quality, lifetime and safety of next-generation Li-based batteries.

There are several mechanisms involved in the degradation of materials and components of Li ion and Li metal batteries, mainly related to the liquid electro-

Iyte. LiPF4-based systems, for example, undergo transition metal (TM) dissolution triggered by HF generation in consequence of salt decomposition catalysed
by even small water traces. TM ions can cause anode crosstalk, thereby reducing the cell performances, especially cycling stability and safety. In this work, we
present a multifunctional P(VDF-HFP)-based Janus separator for smart Li batteries, developed to prevent such detrimental phenomena. The separator is

designed to assemble two thin layers: one containing a specific MOF (HKUST-1) and the other including alumina nanoparticles. The nanometric Al,O; acts
as a HF scavenger, thereby leading to an efficient TM ion-trapping layer, whilst HKUST-1 acts as a sieve to reversibly block water molecules in its channels. As
a result, the use of a double-scavenger separator has been shown to effectively mitigate the dissolution of TMs and ion crosstalk. Furthermore, the synergistic

effects of the two scavengers within the cells are significantly beneficial in terms of enhanced resistance towards thermal runaway, thereby improving their

lifespan and safety.

1. Introduction

The increasing demand for electric mobility is driving the
development of better lithium-ion batteries"> employing new
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tives, self-healing etc.) that aim at improving the cell quality,
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The most widely used electrolytes are based on LiPF, due to
its excellent ionic conductivity and electrochemical stability.

#Electronic supplementary information (ESI) available. See DOI: https:/doi.org ~TOWEVET, this salt undergoes autocatalytic decomposition at
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temperatures above 50 °C and in the presence of impurities,
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especially water,>® generating detrimental by-products such as
POF,, and HF, according to the following reaction:

LiPF5(S) + HzO(l) — LiF(S) + POF3(g) + ZHF(g)

This reaction results in a harsh environment that acceler-
ates cell degradation.” In particular, HF leaches the transition
metal (TM) ions from the Ni-Mn-based cathodes (e.g., spinel
LiNig sMn, 50,4, LNMO, or layered NMC).® The dissolution of
TMs from the active material causes several problems, includ-
ing the following: (i) a decrease of reversible capacity, (ii)
instability of the electrode-electrolyte interface, (iii) evolution
of molecular oxygen or superoxide radicals from the lattice,
(iv) chemical cross-talk through the electrolyte with conse-
quent deposition of the metal ions onto the anode, and (v)
reaction of TM ions with the SEI consuming Li" and forming a
high resistance passivation layer that inhibits Li diffusion.”*"°
Moreover, the dissolution of TMs boosts the degradation of
carbonate solvents by superoxide radicals (O,"”), generating
gaseous species (CO and CO,) and water with a consequent
increase in internal pressure.'* All these phenomena drasti-
cally shorten the battery lifetime and cause severe safety
concerns.

The design of scavengers of such detrimental small mole-
cules (e.g. HF, H,0, O,, CO,) is currently one of the most prom-
ising strategies in the development of next-generation smart
lithium-ion batteries. The main goal is to mitigate stability
issues, promoting longer cell lifetime and improving the func-
tional performance, including safety. Scavengers have been
recently investigated as dopants, buffering layers or coatings
for the cathode, but also as active additives in the electrolyte.
In the latter case, Lewis bases with electron-donating sites
such as aminosilanes, silyl ethers, isocyanate moieties, and
phosphites were used for their scavenging ability.>'**

To minimize any negative impact on the electrolyte pro-
perties, an alternative strategy is the incorporation of scaven-
gers into the separator through filler dispersion or chemical
functionalization. This approach allows for the easy processing
of the polymers usually employed as separators.'® In the litera-
ture, there are a few examples of scavenging separators for
acid, water and transition metal trapping, usually consisting of
inorganic ceramic particles having low cost, high temperature
resistance, and the ability to enhance mechanical strength.'>*°
Several metal oxides, including Al,0;, CuO, SiO,, ZnO, and
ZrO,, were specifically used as fillers in composite separators
with demonstrated capability to capture HF through trapping
reactions by forming metal fluoride, thereby hindering the
acid release in the electrolyte.'”>® Qiu et al., for example,
reported on a double-coating of the polyethylene separator
with layers of a silica-oxygen-borate network and Al,O; nano-
particles in a LiNysMng 3C00,0;|graphite cell, resulting in
excellent thermal stability and combined HF/H,O scavenging
activity. The functionalized separator exhibited a capacity
retention of 68% after 400 cycles.”*

As an alternative to metal oxides, metal-organic frame-
works (MOFs) were also used in the design of advanced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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materials for Li-ion cells as coatings,>*?® fillers,**** and
electrolytes.>®>® MOFs are porous materials based on a metal
center coordinated to organic linkers.”>*° Among the wide
variety of proposed structures, HKUST-1 (MOF-199 or CuBTC)
is one of the most interesting ones due to its active porous
network.’>* This material has a 3D-channel structure connect-
ing a system of cages formed by two octahedrally arranged Cu
atoms, which are coordinated to the oxygen atoms of the car-
boxylate units of trimeric acid. The channels and cages allow
for the sorption of water molecules onto the unsaturated metal
sites, making it capable of scavenging water.>” Chang et al.
recently reported on a water scavenger separator based on
HKUST-1 paired with a LiNiy gMn, ;Co4 10, cathode that could
deliver a great suppression of transition metal loss and
superior cycling stability with 72% capacity retention in a
200 ppm water-containing electrolyte.*

In this work, we further explore the potential of MOFs as
efficient water scavengers for separators in LIBs when they are
synergistically combined with nanosized metal oxides (MO,).
The strategy is to simultaneously capture detrimental small
molecules (H,O and HF) by coupling the trapping capability of
scavengers, which are usually highly selective towards one
single specific species (namely MOF and MO, for H,0 and HF,
respectively). More specifically, a P(VDF-HFP) Janus separator
has been properly designed, assembling two thin layers, one
containing HKUST-1 as a water trapping unit and the second
one including Al,O; nanoparticles as acid scavengers. A Janus
membrane benefits modulable functions while maintaining
high amounts of additives in the polymer matrix without wor-
sening the intrinsic polymer flexibility. Moreover, recent litera-
ture on such engineered multifunctional membranes has
demonstrated significant improvement in the battery cell per-
formance when they are used as separators in place of
Celgard™-based systems.>*>°

The scavenging Janus separator was investigated from
thermal, mechanical, and morphological points of view to
understand the role played by both the fillers in improving the
electrochemical properties. The functional performances were
evaluated in LNMO-based cells with a water-enriched LiPFs-
based liquid electrolyte. ICP post-mortem analyses were specifi-
cally carried out to evaluate the TM dissolution rate.
Accelerated rate calorimetry (ARC) analysis was finally per-
formed to demonstrate the robustness of the Janus separator,
also in terms of cell thermal stability. Our results demonstrate
that these novel functionalized separators are promising for
more stable and long-lasting lithium batteries.

2. Experimental

2.1. Preparation of HKUST-1 (MOF) and alumina
nanoparticles (ANP)

The Cu;(BTC), MOF was synthesized by dissolving trimesic
acid (95%, Sigma-Aldrich) and copper(u) nitrate trihydrate
(Puriss. p.a., 99-104%, Sigma-Aldrich) in 50 mL of ethanol
(ACS reagent, Sigma-Aldrich) as described in detail else-
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where.’” The solution was refluxed under stirring (500 rpm)
for 48 hours; then a blue solid precipitate was collected by
vacuum filtration and washed with distilled water and ethanol.
Finally, the solid was dried in a vacuum at 80 °C overnight and
stored in an argon-filled glove box (MBraun, H,O and O,
<0.5 ppm) until further use. The HKUST-1 structure was con-
firmed by XRD analysis (Fig. S1at).

The alumina nanoparticles (ANP) were synthesized as pre-
viously described.*® A methanol (ACS Reagent, Sigma-Aldrich)
solution of aluminum nitrate nonahydrate (ACS Reagent,
>98%) was stirred at room temperature and mixed with
ammonium hydroxide solution (NH,OH, 28-30% NHj basis,
Sigma-Aldrich) to reach a pH value of 11-12. The resulting sus-
pension was centrifuged at 6000 rpm for 40 minutes, dried at
100 °C for 2 hours and calcined at 400 °C for 2 hours. The
alumina structure was confirmed by XRD analysis (Fig. S1bt).

2.2. Preparation of the separators

Four different types of P(VDF-HFP) separators were prepared:
(i) the bare P(VDF-HFP) (bare), (ii) HKUST-1-based one (single
MOF), (iii) ANP-based one (single ANP), and, finally, (iv) the
Janus membrane (Janus) assembled by the two single compo-
site separators.

Single MOF and single ANP were prepared by mixing
HKUST-1/P(VDF-HFP) and Al,O;/P(VDF-HFP) with weight
ratios of 1:1 and 1: 4, respectively, in zirconia jars using a pla-
netary ball mill at 100 rpm for 2 cycles of 10 minutes. The
investigated separators (bare, single MOF and single ANP) were
obtained by dispersion in N-methylpyrrolidone (NMP, Sigma-
Aldrich), where the solid loading of the slurry was fixed at
26 wt%. After stirring, the resulting mixture was cast on glass
with a doctor blade to obtain a wet film of 100 pm thickness
and finally slowly dried at room temperature. The resulting
films (thickness in the range 35-50 pm) were cut into 2 cm?
round disks and stored in an argon-filled dry box prior to use.
The Janus separator was obtained by hot-pressing single MOF
and single ANP at 50 °C for 30 seconds at 100 psi. In the case
of MOFs, the resulting films (single MOF and Janus separa-
tors) were activated at 160 °C under high vacuum for 6 hours
and finally stored in an argon-filled dry box to avoid moisture
contamination (MBraun, H,O and O, <0.5 ppm).

2.3. Cathode preparation and cell assembly

The cathode slurry was prepared by using 70 wt% of active
material LiNiysMn; 0, (LNMO, MTI Corporation), 20 wt%
conductive carbon (Timcal Imerys, ENSACO 350P), and 10 wt%
binder (PVDF, Kynar). LNMO and carbon were initially mixed
in zirconia jars using a planetary ball mill at 150 rpm for
10 min, followed by a 5 min break and another 10 min of
milling in the reverse direction. Subsequently, the binder was
added and mixed under the same conditions. The composite
powder was dispersed in a solution of N-methylpyrrolidone
(NMP) to obtain a slurry with solid loading of 26 wt% that was
cast on a carbon-coated aluminium foil as a current collector.
The cathode was finally dried under vacuum at 80 °C overnight

842 | EES Batteries, 2025, 1, 840-852
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and cut into 2 cm® round disks, finally stored in a dry glove-
box. The mass loading of the active material was 3 mg cm™2.
CR2032 coin cells were assembled in an argon-filled glove-
box with LNMO as the cathode and Li metal as the anode
(Sigma-Aldrich 99.9%, thickness 0.38 mm). The amount of
liquid electrolyte was 120 pL for all the assembled cells. The
electrochemical experiments were performed with a commer-
cial electrolyte LP30 (LiPFs 1.0 M in EC:DMC 50:50 v/v,
Sigma-Aldrich) enriched with 100 ppm of distilled water, in
order to trigger the electrolyte degradation and better evaluate
the scavenging capability of the composite separators. Karl
Fischer titration was performed to determine the accurate
water concentrations in the electrolyte. In the specific case of
the asymmetric Janus separator, the alumina layer faced the
cathode, whereas the MOF layer faced the lithium metal.

2.4. Characterization

X-ray powder diffraction (XRPD) patterns were collected by
using a Bruker D8 Advance diffractometer with a monochro-
matic Cu source (Ko, 4 = 1.5406 A) operated at 40 kv and
40 mA. The Ar-filled sample holder was used in the case of
moisture sensitive samples (e.g. MOF-based ones).

The XRD patterns of the cycled electrodes were measured
by using a Bruker D8 Advance diffractometer with a monochro-
matic Mo source (Kal, A = 0.7107 A) in Debye-Scherrer geome-
try operated at 50 kV and 45 mA.

Thermogravimetric analyses of the separators were per-
formed by heating at 5 °C min~" from room temperature up to
900 °C under an air atmosphere with a flow rate of 50 ml
min~' in a ceramic pan by means of an STA8000 analyser
(PerkinElmer).

Static contact angle analyses were performed to study the
wettability of the different separators by means of a KSV
CAM200 instrument with the sessile drop method using LP30
electrolyte as liquid medium. Additionally, all the separators
were subjected to uptake testing with the same commercial
electrolyte (LP30) to assess any difference in electrolyte storage
capacity. The membranes were soaked in liquid electrolyte,
and after the surplus solution was absorbed with paper, the
separators were weighed periodically. The absorption ratio was
measured by the following formula, where m, and m, are the
masses of the separator before and after electrolyte immersion,
respectively:

m —m
0 2 100%
m,

0

Electrolyte uptake =

Superficial and cross-sectional SEM morphology analyses of
the separators were made using an SNE-4500M Plus (SEC)
scanning electron microscope operated at 20 kV. The samples
were Au-coated before the analysis.

Dynamic mechanical analysis (DMA) measurements were
performed on rectangular-shaped samples (7 mm x 5 mm) by
means of a DMA 242 E Artemis (NETZSCH) equipped with a
shear jaw for films. The breakage stress-strain test was carried
out in tensile mode at 30 °C with an increment strain of 0.05%
up to the film breakage. The frequency sweep tests were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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carried out in the frequency range between 0.2 and 20 Hz at a
constant strain of 0.05% at 30 °C, 50 °C and 70 °C.

Galvanostatic cycling with potential limitation (GCPL) was
carried out on Li|LNMO-based cells by means of a Biologic
BCS-810 battery tester in the voltage range between 3.0 V and
4.9 V (vs. Li*/Li couple) at 1C (146 mA h g™'). Two preliminary
activation cycles at C/5 (I = 29.3 mA g ') and at C/2 (I3 =
73.5 mA g '), respectively, were performed to stabilize the
interface. The capacity retentions of the investigated cells were
calculated by considering the cycles carried out at 1C.

The potentiodynamic electrochemical impedance spec-
trometry (PEIS) spectra were collected on cells at room temp-
erature by applying an AC voltage of 50 mV in the frequency
range from 10 kHz to 0.1 Hz, both at the OCV (open circuit
voltage) and every 50 cycles to investigate the evolution of the
cell impedance upon cycling.

ICP-OES analyses were performed using a PerkinElmer Avio
220 max spectrometer, equipped with an AVIO glass cyclonic
baffled spray chamber, a quartz torch and a dual backside-illu-
minated charge-coupled device (DBI-CCD) detector. After
cycling, the cells were disassembled, the separator and the
lithium metal anode were digested in a solution of HNO; for 4
days at room temperature and then analysed to quantify the
dissolution rate of both TM ions. More specifically, the Ni and
Mn quantifications were carried out in the axial mode at
231.604 and 257.610 nm as wavelengths, by an external stan-
dard calibration curve. ICP grade standards (1000 mg L,
Merck) were diluted to 0.3-0.6-2.0-5.0-9.0 mg L™ and then
acidified to a final concentration of 2% nitric acid (from ultra-
pure 65% HNOj;, Merck). The measurement conditions were as
in the following: nebulization gas flow: 0.7 L min~"; power RF:
1500 W; auxiliary gas flow: 0.2 L min™"; peristaltic pump: 1 mL
min~"; and frequency: 500 Hz. The metal loss value is deter-
mined using the following formula, where mg; .5 is the mass
of metal ion (Mn or Ni) detected in the analysed sample and
mgr, is the total mass of metal ions in the pristine cathode:

m
Metalloss (%) = Meross o 100
Mot

Thermal abuse response of the cells with these different
composite separators was studied by means of an accelerated
rate calorimeter (ES-ARC, Thermal Hazard Technology, THT).
Before the ARC test, the coin cells were completely charged
(upper to 4.9 V) at a rate of C/16, and this voltage was main-
tained for 30 minutes. The accelerated rate calorimeter was
operated in a heat-wait-search (HWS) mode with a sensitivity
threshold detection limit of 0.02 °C min~". The tests were per-
formed between 30-280 °C, with a step of 5 °C, and the system
was allowed to equilibrate for 15 minutes. If the temperature
change rate was detected to be over 0.02 °C min™", the calori-
meter switched to exotherm mode, entering a self-heating
domain. If the self-heating rate exceeded 1 °C min™", the
thermal runaway was initiated.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Design and characterization of a scavenging Janus
separator

The introduction of bifunctional units to produce Janus
separators is one of the emerging strategies to face detrimental
phenomena such as unstable lithium electrodeposition, or to
promote the ionic transport via enhanced surface charge and
wettability. Several examples are reported in the literature on
the optimization of Janus membranes, filled with different
types of inorganic additives, that can guarantee performance
improvements with respect to the Celgard™ benchmark.??
Here, an asymmetric Janus separator is produced by assem-
bling two different P(VDF-HFP)-based composite films, namely
a nanosized Al,03-based layer facing the cathode and a MOF-
based layer facing the Li anode, as sketched in Fig. 1. Such
films include fillers with scavenging capabilities towards detri-
mental small molecules (HF and H,O) produced by degra-
dation phenomena of the liquid electrolyte and triggered by
water traces or temperature. The loading of both fillers
(namely 1/1 w/w MOF/polymer and 1/4 w/w ANP/polymer) has
been optimised after careful screening in order to find a
proper balance between high scavenging efficiency and satis-
factory mechanical properties. Such a configuration was
designed to strategically locate the HF scavenger layer (the
alumina nanoparticles) very close to the cathode to protect it
from the TM dissolution. Meanwhile, the H,O scavenger
(MOF) was used as a molecular sieve and interfaced with the
lithium anode to limit the detrimental impact of water on the
metal surface chemistry.

The capability of the nanosized alumina as a scavenger of
HF was recently discussed as a strategy to enhance the lifetime
of both LNMO and NMC-based cells.*® The trapping action
exploits chemical bonding and the neutralization reaction to
suppress cathode corrosion. The filler is also nanometric to
enhance the surface available to the reaction with HF and to
allow a homogeneous dispersion of the filler over the cathode.
Chang et al. reported a fully MOF separator with in-built water

Top Case

MOF Layer

Li Anode

Janus Separator

LNMO Cathode ANP ld) er

Bottom Case

Fig. 1 Schematic representation of the cell configuration with the
Janus separator.
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Fig. 2 Scavenging mechanism for H,O and HF by HKUST-1 and Al,O3 nanoparticles, respectively.

scavenging activity paired with different cathode chemistries
that suppressed the TM loss, allowing superior cycling stability
if compared to the reference polymer separators.*® The Janus
membrane here proposed is designed to exploit the scavenging
synergy of alumina and the MOF to simultaneously trap HF
and water, even under drastic conditions (e.g. >100 ppm of
water in the liquid electrolyte) while consequently improving
both safety and lifespan of LNMO-based Li ion cells (Fig. 2).

The MOF here selected is Cuz(BTC), (namely HKUST-1) that
can be used as a water scavenger due to its high capacity to
reversibly exchange H,O molecules. The typical microporous
structure of the MOF further promotes its water trapping.
Fig. S1t reports the XRD pattern of pristine HKUST-1 and
nanosized Al,O; that are in full accordance with the diffraction
data reported in the literature for both the systems.*'*> The
XRD patterns of all the investigated separators, including the
bare P(VDF-HFP) film for a sake of comparison, are included
in Fig. S2t. These patterns show that the crystalline structure
of the hosting polymer is not affected by the presence of a
filler, making the typical y-phase of the P(VDF-HFP) copolymer
evident in all the separators, as proved by the presence of
characteristic wide reflections peaked at 18.5 and 20.2°.>°

As mentioned in the Experimental section, both the single
MOF and Janus separators needed an activation step to confer
scavenging capability owing to the unique HKUST-1 crystalline
structure which promotes the reversible capture of the co-
ordinated water molecules. This phenomenon is clearly proved
by means of XRD analysis, evidencing the presence and the
disappearance of the (111) peak (20 = 5.86°) related to the
coordination/de-coordination of the guest H,O molecules on
the metal site (Cu) in the MOF channels.*' Indeed, the acti-
vated single MOF pattern (Fig. 3, violet line) shows the

844 | EES Batteries, 2025, 1, 840-852

absence of the (111) signal that is instead evident in the de-
activated pristine film (Fig. 3, cyan line). Moreover, the revers-
ible water molecular exchange is easily indicated by the typical
colour changes from cyan to violet blue under different humid-
ity conditions (see inset Fig. 3), which is a proof of the altered
coordination of the copper site. The scavenging capability was
also confirmed by means of thermogravimetric analysis, as
reported in Fig. S31, comparing the thermograms of all the
investigated separators. In the case of the single MOF sample,
the loss of the coordination water of the cage structure takes
place up to 200 °C, resulting in a weight loss of 4.5%, followed
by the thermal decomposition of the MOF BTC ligands and of
the polymer starting around 330 °C.*?

Fig. 4 and Fig. S4} report the cross-sectional and top-view
SEM images, respectively, of the separators evidencing clear
morphological differences between the bare separator (Fig. 4a)
and the composite ones (Fig. 4b-d). Specifically, the bare
P(VDF-HFP) film exhibited a more compact matrix, whereas a
network with sponge-like porosity was observed in the Janus
separator and in the ANP- and MOF-based single layers. The
porous network of the composite systems is likely the result of
the incorporation of a great amount of filler in the polymer
backbone (50 wt% and 20 wt% in the case of MOF and
alumina, respectively), as frequently observed in the case of
nanocomposite (gel) polymer electrolytes.**™** Such a morpho-
logical feature is beneficial in terms of higher liquid electrolyte
uptake and improved lithium-ion transport across the mem-
brane channels.*®

As reported in Table 1, the thickness of the P(VDF-HFP)-
based films is lower than 50 pm, while that of the Janus
separator is about 90 pm, which is made by assembling the
MOF- and ANP single layers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of single MOF activated (violet line) and pristine (cyan line) films.

Fig. 4 Cross-section SEM images of (a) bare, (b) single MOF, (c) single ANP and (d) Janus separators.

In order to evaluate the effect of morphology on the separa-
tor affinity with the electrolyte, tests of liquid uptake were
carried out by using the commercial LP30 solution, as reported
in the Experimental section. The electrolyte uptake capacity of
a separator is a crucial factor in improving the overall battery
electrochemical performance, enhancing the ionic conduc-
tivity, and then decreasing the internal resistance.’”” As shown
in Fig. 5, the plateau of the uptake ratio is achieved in less
than 1 minute, by each separator, reaching values higher than
250 wt%. A smaller electrolyte uptake is obtained in the pres-

© 2025 The Author(s). Published by the Royal Society of Chemistry

ence of HKUST-1 as filler in the MOF-based single layer, which
suggests a less electrophilic behaviour exhibited by the organic
framework with respect to the alumina nanoparticles, limiting
to some extent the polymer swelling capability. However, the
Janus separator shows an uptake of ~290% as the averaged
value between the uptakes detected in both the single layers
assembling the Janus membrane. Such a value is high enough
to efficiently act as a separator; an uptake rate of about 300%
is, in fact, usually achieved also by Celgard-like systems.*®
Similar trend is observed in the case of contact angle measure-
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Table 1 Functional properties of the Janus separators compared to bare and single layers

Bare Single MOF Single ANP Janus
Thickness (um) 35 50 45 90
Tensile strength (MPa) 1.30 0.20 0.50 0.35
Elongation (%) 4.8 1.8 3.4 2.9
E' (MPa) (1 Hz) (30 °C) 112.4 31.6 45.1 38.1
E" (MPa) (1 Hz) (30 °C) 10.6 3.8 5.3 4.2
Capacity retention (%) 70 89 86 90
Rer (Q) ocv 26.6 36.2 17.1 21.2
After 100" cycles 89.5 139.7 79.5 14.7
After 200™ cycles 139.4 215 117.8 13.8
350 polymer composites, while higher filler concentrations lead to
a worsening of the system strength due to undesired effects
— such as nanoparticle agglomeration and/or inhomogeneous
additive dispersion over the polymer matrix.”">* Despite the
high amount of MOFs included in the Janus separator, the
R 250 1 synergistic assembly of the two constituent layers (ANP and
g MOF-based ones) led to higher values of tensile strength (0.35
© . .
B 200 4 MPa) and elongation at break (2.9%) than those obtained for
=) .
the single MOF-based separator.
04 —o— Bare Th.e separator storage and loss moduli vxfere studied as a
| . g:ﬂg:g e function of frequency (0.2-20 Hz) at three different tempera-
f ©— Janus tures (30 °C, 50 °C and 70 °C), as reported in Fig. 6b and in
100 1¢ . . . i i . ESI Fig. S6a and b.f As expected, by taking into consider-
5 10 15 20 25 30 ation the stress-strain tests, E’ and E” values of the bare
Time (min) separator are higher than those measured for the composite

Fig. 5 Electrolyte uptake behaviour of the investigated separators with
LP30.

ments reported in Fig. S5,1 which demonstrates lower wettabil-
ity for the MOF-based systems, both the MOF single layer
(Fig. S5g-it) and MOF-side of the Janus separator (Fig. S5j-17),
with respect to the ANP ones (Fig. S5d-f and Fig. S5m-o7).
Considering that the separator acts also as a physical barrier
between the cathode and the anode, it should be capable of tol-
erating stress-inducing phenomena such as the assembly step
during cell manufacturing and, at the microscopic level, the
lithium dendrite nucleation and propagation. The addition of
fillers into the polymer matrix can modify the mechanical pro-
perties of the resulting composite material.'*** DMA measure-
ments were performed to evaluate the behaviour of the separator
tensile strength and the viscoelastic moduli as a function of
temperature and oscillation frequency. Fig. 6a reports the stress—
strain curves of all the investigated separators as a function of
the different fillers. The bare separator exhibits the highest
tensile strength (1.3 MPa), while the elongation at break is 4.8%.
The composite membranes are less performing in terms of
mechanical properties, especially in the case of MOF additive,
maybe due to the high filler loading (20 wt% for single ANP
and 50 wt% for single MOF), which can result in local particle
aggregation (Fig. 6a and Table 1).°° This result is in agreement
with the literature, reporting that low to moderate loading of
nanoparticles (<5%) improves the mechanical performance of

846 | EES Batteries, 2025, 1, 840-852

systems in the entire explored temperature range. However,
the mechanical strength is very good for all the investigated
separators. For example, the storage modulus is more than
one order of magnitude larger than the loss modulus, indi-
cating that the separators have a solid-like behaviour.
Moreover, both E' and E” do not significantly change by
increasing the frequency, which further confirms the stabi-
lity of the materials, at least in the investigated frequency
range.

3.2. Cycling performance of LiNi, sMn, 50,-based battery
cells including the scavenging Janus separator under harsh
conditions (water-enriched liquid electrolyte)

The scavenger capability of the Janus separator and its effect on
the functional performance was explored through an in situ
approach by means of electrochemical tests on cells including a
liquid electrolyte enriched with 100 ppm of water at 25 °C and
subsequent post-mortem analysis to quantify the TM dissolution
rate and the eventual structural evolution of the spinel cathode.
The Li|LMNO cell with the Janus separator was assembled with
the LP30 electrolyte, and the resulting performances were com-
pared with those obtained in the case of similar cells including
bare, single MOF and single ANP separators. Fig. 7a shows the
galvanostatic cycling at 1C over 200 cycles of the four assembled
cells. The first four cycles were an activation step at a lower
C-rate (C/5 and C/2) to guarantee the formation of a stable SEIL.
When cycled at a 1C current rate, the LMNO-based cell with a
Janus separator delivers improved performance both in terms of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Discharge capacity at 1C of galvanostatically cycled LNMO|Li coin cells and (b) ICP quantification of metal loss percentages of the investi-

gated separators with a water-enriched electrolyte (100 ppm of water), RSD (relative standard deviation) <1.5%.

discharge capacity and capacity retention, especially with respect
to the bare system (pure P(VDF-HFP) without any filler). After
200 cycles, single MOF, single ANP and the Janus separator
deliver discharge capacities of 104, 107 and 116 mA h g7},
respectively, whereas the capacity of the bare-cell does not
exceed 98 mA h g~'. Moreover, the cell coupled with the Janus
separator has an outstanding capacity retention of 90% after 200
cycles in contrast to the bare whose capacity decays much faster
after only 80 cycles (Table 1). Comparable performances were
obtained in the case of LNMO-cells including the Janus separa-
tor with anhydrous electrolyte (without any addition of water
impurities) that deliver discharge capacity of about 135 mA h
g~ at 1C for the first 70 cycles with capacity retention of 89% at
the end of the cycling test (see Fig. S77). This is indirect experi-
mental evidence of the scavenging capability of the Janus separa-
tor that can preserve good functional performance even in the
presence of water traces.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The good performance exhibited by the Janus separator
may be justified by the positive synergistic effect of the
included scavenger fillers, namely HKUST-1 acting as water
scavenger and nano-Al,O; acting as a HF scavenger, that are
able to hinder the electrolyte degradation process and to sup-
press the dissolution of TMs and ion crosstalk, induced by
such two detrimental species.**">*

The exceptional improvement due to the separator
scavenging capability was corroborated by the ICP analyses,
carried out post-mortem on the disassembled separator and
anode components, whose results are reported in Fig. 7b.
The bare separator exhibits a significantly higher detrimen-
tal TM dissolution rate, with Mn and Ni losses of 7% and
5.5%, respectively. In contrast, cells containing scavenger
agents (single MOF and single ANP) limit the Mn and Ni
leaching at lower yields (4.5% and 4.0%, respectively) that
are further reduced to 3% in the case of Mn and 2.5% for Ni
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when the cell is cycled with the Janus membrane as the
separator.

The beneficial effect of a multifunctional separator on the
electrode-electrolyte interface was further confirmed by EIS
measurements. The Nyquist plots collected for the cycled cells
discussed in Fig. 7a, both at the OCV and upon cycling at the
end of the 50™, 100™, 150™ and 200™ charge cycle at 4.9 V, are
reported in Fig. 8.1 All the spectra (both at the OCV and post-
cycling) were best fitted by the equivalent circuit as depicted in
Fig. S8e7 to determine the cell interfacial resistance values,
Rcr, listed in Table 1.°° For what concerns bare, single MOF
and single ANP, the spectra show a gradual increase of the
charge transfer contribution upon cycling that may be ascribed
to a modification of the electrode-electrolyte interface towards
a less conductive layer in consequence of the degradation
induced by the HF attack. This could mean that the presence
of a single scavenger in the separator is insufficient to fully
suppress the degradation phenomena taking place at the inter-
face. In contrast, the Janus separator shows an overall constant
interfacial resistance upon cycling with an Rqr value of 13.8 Q
after 200 cycles. This suggests the effective scavenging synergy
of the Janus membrane to protect the electrode-electrolyte
interface from the formation of insulating passivation layers or
loss of electric contact caused by delamination or degradative
phenomena.

To evaluate the structural stability of the LNMO cathode
upon cycling in the presence of scavengers, post-mortem XRD
and Rietveld analysis were performed on the cathode before
cycling at the OCV and on the disassembled cathodes at the
end of cycling. Fig. 8 compares the diffractograms of the
LNMO cathodes cycled with the different separators. No sig-
nificant differences are evident in the patterns ascribable to
phase modification. However, the results of the Rietveld refine-
ment analysis presented in Table S1f demonstrate a signifi-

——— OCV —— Bare —— Single MOF —— Single ANP —— Janus

* * Al

Intensity (arb. un.)

20 (Degree)
Fig. 8 XRD patterns collected for LNMO cathodes before cycling (OCV)

and after 200 cycles with water-enriched LP30 for all the investigated
separators.
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cant variation in the lattice parameter. Upon consideration of
the electrode value at the OCV (a = 8.166(1) A), in the case of
the cell assembled with the bare separator, a decrease in this
parameter was observed, with a value of a = 8.157(4) A being
recorded. This outcome indicates that a substantial structural
change occurred, resulting in a reduction of the cell volume (at
the OCV V = 544.5(2) A® vs. bare V = 542.7(8) A%). The contrac-
tion of these parameters could be attributed to the high rate of
leaching of TMs (Ni and Mn) from the lattice, which is
observed in the absence of scavengers. In contrast, cells with
functional scavengers exhibited essentially unaltered lattice
parameter values. In the case of the cell with the Janus separa-
tor, the lattice parameter of the cathodic material was found to
be 8.164(2) A, indicating minimal variation in the material’s
structure, which agrees with the low leaching rates due to the
presence of the scavengers.

3.3. Thermal abuse tests on LiNiy sMn, 50,-based battery
cells under harsh conditions (water-enriched liquid
electrolyte)

Thermal abuse analyses were carried out by ES-ARC, which
can provide an adiabatic environment with accurate control.
The tests were performed on coin cells with all the investigated
separators: bare, single MOF, single ANP and Janus. This ana-
lysis simulates the thermal behaviour in an exothermic
process where the generated heat is not quickly dissipated by
the battery case, potentially leading to a thermal runaway with
possible hazardous repercussions. In this experiment, several
key parameters were identified: the onset temperature of the
exothermal reaction (Tgxo), the onset of the thermal runaway
(Torr) and the maximum self-heating rate (SHRyax).”>>’

Fig. 9 shows the temperature vs. time curves of the LNMO
water-enriched cells, and Table 2 reports the corresponding
thermal parameters. After several cycles of the heat-wait-search
process, all the cells reached the onset of the exothermal reac-
tion, which is ascribable to the solid electrolyte interface (SEI)
decomposition. This phenomenon triggers a chain reaction
(e.g. anode, cathode, and electrolyte decomposition), generat-
ing more heat until the self-heating causes thermal runaway.>®
The cell with a bare separator exhibited a lower Tgxo (161.2 °C)
and a significantly higher self-heating rate (1.125 °C min™")
compared to the other cells. This reflected the thermal
instability of the cell, including separators without scavengers
that were not capable of buffering the detrimental processes
induced by the traces of water present in the electrolyte, result-
ing in thermal runaway (Torg 182.0 °C). The presence of
scavenging units in the cell, especially in synergistic assets as
for the Janus system, seemed to give remarkable benefits also
from a thermal point of view in relation to the HF-induced cor-
rosive action. Indeed, the self-heating rates of all the cells,
including scavenging separators, were smaller than that
observed in the case of the bare P(VDF-HFP) film, especially in
the presence of the Janus membrane, where an exceptionally
low SHR of just 0.323 °C min~' was measured (Table 2).
Moreover, the Janus separator-based cell was more resistant
towards the thermal abuse, with an onset temperature (Tgxo

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9
exothermal phenomena.

Table 2 Thermal parameters of the accelerated rate calorimetry (ARC)
test on the LNMO coin cells with the investigated separators

Bare Single MOF Single ANP  Janus
Texo (°C) 161.2 176 160.7 182.2
Torr (°C) 182.0 — — —
tmax (min) 1346 1334 1418 1680
SHRyax (°C/ min™") 1125  0.722 0.912 0.323

182.2 °C) higher than that detected for the bare one (Tgxo
161.2 °C).

4. Conclusions

A novel bifunctional Janus membrane was investigated as a
scavenging separator for high-voltage lithium-ion batteries.
The separator was realized by assembling two P(VDF-HFP)-
based composite films including different scavenging agents:
(i) one side, faced with the Li anode, was filled with a metal-
organic framework, namely HKUST-1, acting as a sieve to rever-
sibly trap water molecules in its channels through coordi-
nation at the Cu-metallic center; (ii) the second side, faced
with the LNMO cathode, included alumina nanoparticles
capable of neutralizing even small traces of hydrofluoric acid.
The introduction of the scavengers into the separator
resulted in an effective and synergetic approach for simul-
taneously mitigating the detrimental effects of small mole-
cules, such as H,O and HF, generated by the lithium salt
degradation triggered by the presence of humidity and other
impurities and/or a temperature increase. Pairing the Janus
separator with the LiNi, sMn, 504-based cathode in the pres-
ence of a water-enriched electrolyte, we proved significantly
enhanced cycling stability, with capacity loss <12% after 200
cycles, at least three times lower than the capacity fading
observed in the case of cells including the bare P(VDF-HFP)
separator. The superior functional performances of the scaven-
ging Janus membrane are reasonably related to the observed
remarkable reduction of the dissolution of TMs from the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cathode, limiting the leached ion crosstalk through the electro-
Iyte. This also resulted in very high resistance towards thermal
runaway processes, as demonstrated by overheating tests
carried out on coin cells with heavily water-contaminated elec-
trolytes. The proposed strategy highlights how lithium-ion bat-
teries can significantly benefit from the use of multifunctional
scavengers to improve the cell quality, reliability, lifetime, and
safety.
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