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Unraveling the Mechanisms of Zirconium Metal-Organic
Frameworks-Based Mixed-Matrix Membranes Preventing

Polysulfide Shuttling
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Rezan Demir-Cakan, Kong Ooi Tan, Veronique Van Speybroeck, Vanessa Pimenta,*

and Christian Serre*

1. Introduction

Lithium—sulfur batteries are considered as promising candidates for next-gen-

eration energy storage devices for grid applications due to their high theoretical
energy density. However, the inevitable shuttle effect of lithium polysulfides and/
or dendrite growth of Li metal anodes hinder their commercial viability. Herein,
the microporous Zr fumarate metal-organic framework (MOF)-801(Zr) is con-
sidered to produce thin (~15.6 pm, ~1 mg cm?) mixed-matrix membranes
(MMM) as a novel interlayer for Li—S batteries. It is found that the MOF-801(Zr)/
C/PVDF-HFP composite interlayer facilitates Li" ions diffusion, and anchors
polysulfides while promoting their redox conversion effectively. It is demon-
strated that MOF-801 effectively trapped polysulfides at the cathode side, and
confirmed for the first time the nature of the interaction between the adsorbed
polysulfides and the host framework, through a combination of solid-state
nuclear magnetic resonance and molecular dynamics simulations. The incor-
poration of MOF-801(Zr)/C/PVDF-HFP MMM interlayer results in a notable
enhancement in the initial capacity of Li-S batteries up to 1110mAhg .
Moreover, even after 50 cycles, a specific capacity of 880 mA hg ' is delivered.

Lithium-sulfur batteries (Li—S) are consid-
ered as one of the most promising next-
generation energy storage systems for grid
applications due to their high energy den-
sity and cost-effectiveness.'"® However, a
few drawbacks still limit their commercial
application, such as their capacity fading
and/or short cycle life due to the shuttle
effect of soluble lithium polysulfides.”
To mitigate this problem, the modification
of conventional separators (e.g., glass fiber
or Celgard) by including microporous
materials has been proposed. Although this
strategy has been extensively studied so far,
modified separators are usually intrinsi-
cally limited, since the cohesion between
the rigid functional material and the flexi-
ble separator is poor.' 3! Another strategy
that in principle might overcome this limi-
tation consists of the use of an interlayer,
usually a self-standing film, placed between the sulfur cathode
and the anode. At present, there are few reports about interlayers,
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and the existing interlayers are often composed of porous or
dense conductive carbons."*'*! Nonetheless, due to the weak
adsorption between nonpolar carbon-based materials and polar
lithium polysulfides (LPS), the shuttle effect cannot be effectively
suppressed.

Metal-organic frameworks (MOFs) are one of the latest clas-
ses of ordered micro- or mesoporous hybrid materials with
highly tunable structural and/or chemical characteristics suitable
for a wide range of applications from gas sorption, separation,
catalysis, sensing to biomedicine, among others."***! This
makes them highly promising candidates to limit polysulfides
migration due to their unique structural and chemical properties,
such as high porosity, uniform and tunable pore size, Lewis/
Bronsted acidity, and structural defects, which shall significantly
impact their molecular sieving ability.*>~2*! MOFs are expected
here to play different roles: 1) as an ion sieving medium to allow
selectively lithium ions to pass through while 2) preventing poly-
sulfide ions from shuttling. Nonetheless, there is no consensus
on what are the ideal parameters, e.g., particle size***) or struc-
tural features,!'*?**") to fulfill this role while clear-cut mechanis-
tic studies are still lacking. Zirconium-based MOFs are a subset
class of robust MOFs with a rare combination of chemical/
thermal stability and highly versatile chemical/structural tunabil-
ity; among a series of benchmark structures, the prototypical Zr
terephthalate UiO-66 has been studied for Li-S batteries due to
its micropores of 811 A, the presence of structural defects which
yield polar sites, and the possibility of incorporate polar func-
tional groups in the linker. The combination of these features
was shown to enhance polysulfides confinement.!'!?%2]
However, even with the structural defects and the introduction
of functional groups, the length of the linker (terephthalate) lim-
its the tuning of smaller pore sizes, requiring the development of
stable materials with smaller pore size and higher density of
active sites.

The benchmark Zr fumarate MOF-801(Zr) has been consid-
ered here as an alternative candidate owing to its narrow pores
and its “polar” character, due to the high content of structural
defects and the presence of numerous terminal —OH groups
in the Zr oxo-cluster. Its three-dimensional cubic rigid structure,
resulting from the assembly of ZrsO4(OH)4(CO,)1, secondary
building units and fumarate linkers, exhibit indeed smaller
micropores (about 5-7 A) than UiO-66 while possessing a large
number of ligand defects particularly when a green low-pressure
synthesis protocol is followed.**? This results in a large surface
area of microporous material with a highly polar character, due to
the presence of highly reactive acidic Zr-OH groups from the Zr,
oxo-clusters. Structural defects are also expected to be beneficial
to further limit the polysulfides migration.?*?3! Moreover, Z1-
and Ce-based MOFs have already been reported as catalytically
active for the conversion of long-chains polysulfides in short-
chains species, which enhances the electrochemical performance
of the Li-S cells.****! Nonetheless, the use of the sole pristine
MOFs as an interlayer presents several limitations: on one hand,
the nonconductive nature of most MOFs limits the electron per-
colation and reactivation of the sieved polysulfides, associated
with a poor Li-ion migration kinetics; on the other hand, pure
MOF membranes present poor mechanical properties and often
numerous defects. To circumvent the mechanical properties lim-
itation, a mixed-matrix membrane (MMM) approach is a sound
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approach. These composite membranes consist of an organic
polymer matrix phase and an inorganic or hybrid solid filler
phase, combining the required characteristics of these different
materials and yielding materials with tailored permeability and
selectivity.*®) However, developing flexible interlayers that can
effectively mitigate polysulfides and facilitate Li" transport to
achieve high battery performance is still an ongoing challenge.

Recently a MOF-801(Zr)-carbon cloth composite has been pro-
posed as interlayer for Li-S devices.*”’ The MOF-801 particles
were directly grown into the carbon cloth support through an in
situ solution crystallization method. Nonetheless, although one
can observe the mitigation of the polysulfides shuttling to a cer-
tain extent, the mechanical stability of the MOF film at the sur-
face of the carbon fibers was not discussed by the authors.
Moreover, the host-guest interaction between the LPS was poorly
addressed. In our case, we have designed a flexible free-standing
MOF-based interlayer with high mechanical and chemical stabil-
ity through a MMMs approach. This strategy allows to combine
the chemical features of the three components of the composite:
a) MOF-801, a robust microporous Zr-based MOF with a large
pore volume and abundantly exposed Zr-OH active sites expected
to enhance the polysulfides anchoring while facilitating Li* ions
transport; b) Ketjen black (KB) carbon, a highly conductive
carbon to enhance the electrical conductivity and improve the
reactivation of sulfur species hosted in the MOF’s pores, while
participating to the adsorption process due to its high surface
area (around 1200m’*g™'); ¢) Poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP), a polymer commonly used
in battery field, known for its great mechanical properties and
for allowing high filler loadings. The composite membranes were
optimized in terms of porosity and mechanical properties and
in-depth characterized through a combination of structural
and morphological techniques, to understand the synergy
between all components of the membrane, as well as solid-state
nuclear magnetic resonance (NMR) and molecular dynamics
(MD) to shed light on the polysulfides adsorption mechanism.
Finally, the electrochemical behavior of Li-S cells containing
MOF-801(Zr)/C/PVDF interlayer was studied and a significant
improvement of the specific capacity (880mAhg™ after
50 cycles) was found when compared to the cells containing only
the routine glass fiber separator.

2. Results and Discussion
2.1. Synthesis and Polysulfides Adsorption Test of MOF-801(Zr)

MOF-801(Zr) nanoparticles were prepared through a room-
temperature synthesis method already reported by us.*? The
powder X-ray diffraction (PXRD) pattern (Figure Sla,
Supporting Information) of the obtained MOF-801(Zr) was found
to be in good agreement with the simulated one, confirming the
purity and crystallinity of the obtained compound. The transmis-
sion electron microscopy (TEM) (Figure 1a) and scanning elec-
tron microscopy (SEM) (Figure S1b, Supporting Information)
images showed that MOF-801(Zr) nanoparticles exhibit a spheri-
cal crystal morphology with a particle size dispersion comprised
between 40 and 80 nm, in agreement with the literature.

© 2024 The Authors. Small Science published by Wiley-VCH GmbH

85U0|7 SUOWIWOD @A a0 3|qedl|dde ay3 Aq pausenoh aJe sajolfe WO ‘8Sn JO Sa|nJ 1oy AriqT Ul UQ AB]IA UO (SUORIPUOD-PUR-SLUBHW0D A8 | 1M AJeid pul|uo//SdNY) SUORIPUOD pue Sl | 8Ula8S *[7202/90/7T] uo Ariqiauluo AB|IM ‘WUeD 1eIseAIUN AQ 6EE00EZ0Z ISWS/Z00T OT/I0p/Wod" A3 1M Akeiq1 U1 |UO//:SAnY WOy papeojumod ‘9 ‘¥20Z ‘9r0r8892


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

(@) - _
* -
o 28
e & |
& "
*
e -
. e J
200 nm
e
(C)mo

MOF-801(Zr)

Weight (%)

0 - .
0 100 200 300 400 500 600 700
Temperature(°C)

www.small-science-journal.com

(®) 400
& MOF-801(2r)
:U) 3004 ._a\..r—n-r-'-r'-r-'a-aa.-.'/
£ (
CA
o 2007 —e— Adsorption
o M
-4 —— Desorption
3N100-
z
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P.)
(d)
w W
g "‘\f \ 1 /rﬂq
« |[\[ ”% A
;é V’ 1' w .
8 | — moFs01zn | |
© —— Ligand
=

4000 3000 2000 1000
Wavenumber (cm™)

Figure 1. a) TEM images of MOF-801(Zr) nanoparticles; b) N, adsorption—desorption isotherms at 77 K (Po =1 atm) of MOF-801(Zr); c) TGA of MOF-
801(Zr) under oxygen atmosphere (heating rate of 3°Cmin""); and d) Fourier-transform infrared spectroscopy (FT-IR) spectra of MOF-801(Zr) and

fumaric acid (ligand).

To investigate the microstructure of MOF-801(Zr), N,
adsorption—desorption analysis (Figure 1b) was performed at
77 K, resulting in a high specific surface area of 1020(+20) m* g™ ",
calculated through the Brunauer-Emmett-Teller (BET) method.
In addition, the pore size distribution (PSD) (Figure Slc,
Supporting Information) calculated by the nonlocal density func-
tional theory (NLDFT) (-N, method, revealed the microporosity
(5-13 A) of the synthesized MOF-801. The expanded PSD corre-
lated further confirming the defective nature of MOF-801(Zr).
Hence, these results have demonstrated the suitability of
MOF-801(Zr) as an ideal molecular sieve for blocking large-sized
Li,Ss (~2 nm length)!'* while letting the lithium ions (ionic diam-
eters: 0.12nm) pass.*!! Based on the residual content of ZrO,
obtained from thermogravimetric analysis (TGA), the ligand con-
nectivity of the Zr, oxocluster was calculated to be 7.94, which
contrasted with the theoretical connectivity of 12 for the defect-
free structure. This calculation supported the presence of a sig-
nificant number of missing ligands within the solid.
Additionally, following recent systematic studies on MOF defect
quantification,?*** we decomposed the MOF in an alkaline
medium and conducted 'H NMR analysis. As shown in Figure
S1d (Supporting Information), a substantial amount of formate
was observed, with a formate: fumarate molar ratio of 1:4.73, indi-
cating a significant replacement of the fumarate linker by for-
mate. Combining these results with the N, adsorption data
(1200m* g~ ! in this case compared to 650 m* g~ ' for defect-free
MOF-801), we could conclude that the synthesized MOF-801 pos-
sessed a large number of defects. The FT-IR spectra showed a
large number of vibrations of —-OH groups and strong vibrations
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associated to COO™ groups coordinated to Zr'", while almost no
trace of uncoordinated fumaric acid (1644 cm™") was observed,
which further indicated that the as-prepared pure MOF-801(Zr)
possess a large number of terminal or bridging Zr-OH/-H,0
polar groups suitable to interact strongly with polysulfides of
various lengths.

To investigate the capability of MOF-801(Zr) to efficiently
adsorb polysulfides, 50 mg of MOF-801(Zr) was added into
1mL of 0.05M Li,S¢ solution. Within 30 min, the solution
became colorless. The MOF powder, initially white, turned
yellowish in polysulfide-containing solution, suggesting the
strong interaction of the Zr-oxoclusters with polysulfides
(Figure 2a). After self-standing for one week, the structural integ-
rity of MOF-801 exposure to polysulfides was confirmed by
PXRD (Figure 2b). Characteristic reflections of elemental sulfur
could be observed, nonetheless, this was certainly ascribed to the
crystallization of sulfur during the sample drying, as for the wet
sample no sulfur peaks were observed (Figure Sle, Supporting
Information). Different concentrations of polysulfides were in
parallel tested to determine the detection limit of the dissolved
polysulfides by UV—vis spectroscopy (Figure 2c).

To better discriminate the solutions with different polysulfide
concentrations, the first derivatives of the UV—vis spectra were
compared.’**! For each concentration, typical peaks in the
UV—vis spectra derivative could be observed, with a peak shift
to the UV region as the concentration decreases. As shown in
Figure 2d, the concentration of 0.05M Li,S¢ solution decreased
to 5x 107*M after adding MOF-801 for 24 h, which further
quantitatively demonstrates the ability of MOF-801(Zr) to adsorb
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Figure 2. a) Polysulfides adsorption test; b) PXRD pattern of powder samples before and after polysulfide adsorption test (Ac, ~ 1.5406 A); c) UV—vis
absorption spectra of Li,Sg at different concentrations solutions and 0.05 M Li,Se solution after adding MOF-801 for 24 h which named MOF (Sup.); and

d) first derivatives of the UV—vis spectra.

polysulfides. This could be ascribed to the microporous structure
nature of MOF-801 and the presence of abundant polar sites
within the pores.”*! The adsorption properties of MOF-801 after
incorporation in a PVDF-HFP matrix have also been tested
(Figure S2, Supporting Information). When compared with
the base PVDF-HFP membrane, the MOF-based membrane
effectively limits the diffusion of the polysulfide species.

2.2. Solid-State NMR

Although numerous studies about polysulfides selective adsorp-
tion with MOF-based modified separators or interlayers can be
found in the literature, very few reported the study on the
host-guest interactions. To shed light on this phenomenon,
magic-angle spinning (MAS) solid-state NMR experiments were
performed on 'H, “Li, and “C.

As shown in Figure 3a, the peak widths of fumarate
(13C: ~172ppm for carbonate, ~138 ppm for double bond;
1H: ~7.0 ppm for double bond) and formate (13C: ~168 ppm;
1H: ~8.0 ppm) became broader upon Li,S¢ absorption. Note that
the traces of formate groups were still found (see Figure S3 for
assignment, Supporting Information)*?! originating from the
formic acid used during the MOF synthesis and not completely
removed during the washing process. In the Li,Ss-loaded MOEF-
801(Zr), a new "*C site of around 175 ppm emerged and it can be
attributed to the thermal decomposition of dioxolane solvent dur-
ing the preparation of the polysulfides solution since only a cor-
relation between the new '>C site and the proton from solvent

Small Sci. 2024, 4, 2300339 2300339 (4 of 12)

was observed. The observed NMR line-broadening effect implies
that the MOF-801(Zr) has experienced a change in the chemical
environment due to the loading of Li,Ss within the pores. The
interaction between Li and the MOF-801 framework was also
confirmed by the 1D “Li spectrum and the 2D “Li-'H correlation
experiment (Figure S4, Supporting Information), where the
adsorbed ’Li and the cross peaks between lithium and fumarate
are observed. To locate lithium in MOF-801(Zr), ’Li-**C REDOR
experiments were performed to determine the distances between
lithium and various carbon sites. As shown in Figure 3D, the
nearest lithium is 3.34+0.5A to the carbon of carboxylate
(-*COO0) in fumarate. Following that, it can be estimated that
the distance between the “Li and the double bond *C signal
(*C="3C) is between 3.3 and 5.0 A (Figure 3c). The measure-
ment is less precise in the latter case due to the low sensitivity
resulted from the line-broadening effect. More accurate distances
are expected to be obtained by using '*C-labelled fumaric acid for
the synthesis of the MOF.

Hence, the results suggest that the lithium atoms are located
within the overlapped zone bounded by the two shells in
Figure 3b,c. This indicates that lithium is rather closer to Zrg
oxoclusters, and, hence, closely interacting with the carboxylate
group. Moreover, the *C centerband-only detection of exchange
(CODEX) result (Figure S5, Supporting Information) suggests
that there are two lithium staying close to each other, i.e., there
is only a single (not a cluster) lithium polysulfide chain in the
vicinity. Nonetheless, due to the lack of reliable measurements
on reference samples, the exact distance between the two lithium

© 2024 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 3. Solid-state NMR results. a) "H-'>C HETCOR spectra (top) of pristine MOF-801(Zr) (blue) and Li,S¢-loaded MOF-801 (red), and projection of
2D HETCOR spectra to the '>C dimension (middle) and 'H-">C CP spectra (bottom). ’Li-'>*C REDOR dephasing curves due to the coupling of lithium and
carboxyl carbon (x3.3 A); b) or the coupling of lithium and double bond carbon (x3.3-5 A); c) of fumarate in Li,S-loaded MOF-801. The possible lithium
positions are highlighted by the faint yellow and green shells and the yellow atom refers to the carboxylate carbon atom.

atoms could not be determined, which could have helped to iden-
tify the shape of the chain.

2.3. MD Simulations

Additional insight into the host-guest interactions between
MOF-801 and Li,S¢ could be obtained from MD simulations.
The MOF-801 model structure used in the simulations has
Zr oxoclusters with an eightfold linker connectivity, in agree-
ment with the experimental measurements where a ligand-to-
metal ratio close to 8 was deduced. The most straightforward
approach to simulate an eightfold linker connectivity consists
of removing one Zrg oxocluster along with the 12 attached linkers
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3.0-
2.5

L 2.0
X 45
1.0
0.5
0.0

Li-O

0o 1 2 3
Interatomic Distance (A)

4 5 6 7 8

from the pristine MOF-801 unit cell. This merges the tetrahedral
pores of MOF-801 into a larger pore with a diameter of about
13.5A (Figure S6, Supporting Information). The remaining
metal nodes in the unit cell are terminated with formate.

To probe both the host-guest and guest—guest interactions for
MOF-801 and Li,Ss, different Li,Ss loadings were considered
(ranging from 4 to 10 Li,Ss molecules per unit cell). The domi-
nant interactions could be identified by calculating radial distri-
bution functions (RDFs) for different atom pairs. The lithium
atoms were shown to interact primarily with the oxygen atoms
of the fumarate linkers and the formate groups grafted to the
Zr6 oxocluster, resulting in an RDF peak at about 2A
(Figure 4a), which confirmed the host—guest interactions also

(b) 4.0

] S-pOH

——10Li,S,

Interatomic Distance (A)

Figure 4. RDFs for a) Li—O and b) S—Hon atom pairs obtained from first-principles MD simulations of MOF-801 with different Li,Se loadings.
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observed in the NMR experiments. For sulfur, the interaction
with the p-OH groups on the metal nodes was most pronounced,
resulting in an RDF peak at about 2.3 A (Figure 4b). When dif-
ferent Li,Ss molecules are in close proximity during the MD sim-
ulation, they also showed a strong tendency to interact with one
another to form a larger polysulfide cluster.

Also for a second MOF-801 model with a ninefold linker con-
nectivity, which is obtained by only removing linkers from the
pristine structure, similar conclusions could be drawn. As the
metal nodes in this second model are terminated with OH-
groups and a water molecule instead of with formate, the Li-O
RDF peak at about 2 A now contains contributions from the
oxygen atoms of both the fumarate linkers and the -OH/H,0
terminations of the metal nodes (Figure S7, Supporting
Information). Similarly, the sulfur atoms can now interact with
the pu-OH groups on the metal nodes as well as the additional
—OH/H20 terminations (Figure S7, Supporting Information).

This new approach, based on a combination of experimental
data from solid-state NMR and MD simulation, allowed to
unravel for the first time the preferential interaction of the poly-
sulfides with the host MOF structure. The lithium atoms prefer-
entially interact with the carboxylate groups, as sustained by the
’Li-'*C coupling observed by solid-state NMR and by the Li-O
peak in the RDF. The S-p-OH interaction from RDF also sustains
a close interaction of the polysulfides with the Zr6 oxocluster,
through the terminal acidic Zr-OH groups.

2.4. Preparation of MOFs-Based MMM Interlayers

To investigate the efficiency of MOF-801(Zr) in Li-S devices,
a functional free-standing interlayer material was prepared
through a MMM approach. MOF-801(Zr)-based composite mem-
branes with good flexibility and enhanced electrical conductivity
were designed, to overcome the mechanical brittleness and insu-
lator character of the pristine MOF.*3 To reach that goal, a three-
component composite was investigated, combining MOF-801
nanoparticles for the sieving and shuttle effect mitigation, KB
particles for the conductivity, and a polymer for the mechanical
processability (Table S2, Supporting Information).
MOF-801-based MMMs with flat surfaces were first prepared
through a blade casting method and recovered as mechanically
stable self-standing films (Figure S8a, Supporting Information).
Flexible polymers are known to easily wrap MOF nanoparticles,
provided that their respective charge surface displays opposite
values, which enhances the attraction between both moieties.
Such parameter is crucial for obtaining defect-free membranes
since the particles should be homogeneously distributed within
the membrane without agglomerate. As demonstrated for PVDF
or poly (ethylene oxyde) (PEO) and UiO-66, the end groups of
polymers can penetrate to some extent into the pores of the
MOF, depending on the chemical affinity between the polymer
chains and the MOF.** The main possible drawback is pore
blocking, leading in some cases to a strong decrease of accessible
porosity.[**] To confirm the interactions between PVDF-HFP and
MOF-801(Zr) nanoparticles, N, porosimetry analysis of MOF-
801(Zr) MMMs was performed. For 30wt% MOF-801(Zr)
70 wt% PVDF-HFP MMM, if the MOF’s pore is not blocked
at all, the BET-specific surface area should be around
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300m*g~", nonetheless, the experimental value is only
167(£1) m®g~" (Figure S8b, Supporting Information), indicat-
ing that some polymer chains enter the pores of the MOF
and partially block access to the N, molecules at 77 K, in agree-
ment with what was already observed for UiO-66/PVDF
system.*" Note that the MOF-801(Zr) after the introduction
in the membrane retains its crystalline structure (Figure S9,
Supporting Information). As the polymer chains partially enter
into the pores, further reducing the pore size, this is a priori a
favorable parameter to physically block polysulfides, while still
enabling a fast Li* (ionic diameters: 0.12 nm) conduction.*"!

To prepare conducting membranes, KB was also added to the
composite. To determine the optimal ratio of MOF and KB in the
membrane, samples containing 10, 20, and 30 wt% KB were pre-
pared (Figure 5 and S10-S12, Supporting Information), and their
electrochemical behavior was characterized by galvanostatic
cycling tests. Figure S12 (Supporting Information) shows that
the cell with the interlayer with 30 wt% KB and 30% MOF-
801(Zr)/PVDF-HFP MMM exhibits the highest specific capacity
and stability. Thus, the optimized MMM of 30wt% KB was
adopted in the following studies, named MOF-801(Zr)/C/
PVDF-HFP MMM, hereafter. Noteworthy, the flexible MOF-
801(Zr)/C/PVDF-HFP MMM can be curled at will and has excel-
lent mechanical properties (Figure 5b). The SEM images showed
that the membrane is flat with a thickness of 15.6 pm (Figure 5c).
Inside the membrane (Figure S13, Supporting Information),
MOF nanocrystals and KB nanoparticles look tightly packed
and the voids between the particles are filled up with PVDEF-
HFP polymer, forming a quite dense composite. The SEM ele-
mental mapping (Figure 5d) showed uniform distributions
of F and Zr in MMM, demonstrating that PVDF-HFP and
MOF-801(Zr) form a fairly even distribution.

Visualization of the internal structure of MMMs is of great
interest in materials science to get a better understanding of
the membrane’s mechanical stability and its properties.*’~*%
In this context, 3D X-ray microscopy is a powerful tool that allows
for high-resolution imaging of the internal structure of MMMs.
As shown in Figure 5e, 3D X-ray microscopy images revealed a
uniform distribution of MOF-801(Zr) and carbon particles
within the polymer matrix. Despite the presence of a limited
number of particle aggregates (Figure 5f), the overall distribution
looks on the whole homogeneous, indicating a well-dispersed
particle configuration. Furthermore, the quantitative analysis
of the membrane revealed a MOF-801(Zr) content of approxi-
mately 28 vol%, in good agreement with the initial content of
30 wt% added during the membrane preparation, considering
that the MOF particles are denser than the KB and PVDF-
HFP polymer. This confirms the robustness of the fabrication
process used in this study, and that MMM with a homogeneous
particle distribution could easily be prepared.

To evaluate the effectiveness of the composite interlayer
in the “shuttle effect” mitigation, the electrochemical behavior
of Li-S cells was finally evaluated. The self-sustained composite
membrane was placed between the cathode and the routine glass
fiber separator and cycled against lithium metal. Figure 6a shows
the galvanostatic charge—discharge cyclic behavior of the batter-
ies at 0.1 C.

The batteries with MOF-801(Zr)/C/PVDF-HFP MMM inter-
layer exhibited an initial capacity of 1110 mAh g™, while a high
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Figure 5. a,b) Photographs of the MOF-801(Zr)/C/PVDF-HFP MMM (30 wt% KB); c) cross-sectional SEM image of the MOF-801(Zr)/C/PVDF-HFP
MMM; d) cross-sectional SEM image of the MOF-801(Zr)/C/PVDF MMM and the corresponding elemental mapping images of F and Zr. e,f) 3D
X-ray microscopy images of the composite membrane MOF-801(Zr) /C/PVDF MMM (30 wt% KB) with the mapping of the MOF-801 (Zr) particles spatial

distribution within the composite membrane in blue.

discharge capacity of 880mAhg™ was still retained after
50 cycles. The reproducibility of these results over 3 cells is
shown in Figure S14 (Supporting Information). For comparison,
the blank, the PVDF-HFP, and the MOF-801(Zr)/PVDF-HFP
MMM delivered 647, 511, and 620mAh g™', respectively, over
50 cycles. The higher capacity retention indicates that the
MOF-801(Zr)/C/PVDF-HFP MMM interlayer was able to
effectively improve the cycling performance of Li-S batteries.
The FT-IR spectrum of the MOF-801(Zr)/C/PVDF-HFP
MMM interlayer after 50 cycles did not show any ligand’s peak,
confirming the stability of MOF-801(Zr) particles after cycling
(Figure S15, Supporting Information). Furthermore, although
it is hard to establish a direct comparison between this work
and the ones found in the literature for UiO-66(Zr) based mem-
branes!""*® one can note that for the MOF-801/C/PVDF-HFP
membrane after 50 cycles the capacity retention (880 mAh g™)
is higher than the one observed for a pristine UiO-66 layer depos-
ited in a polypropylene separator (720mAhg™" at 0.5 C after
500 cycles) and slightly lower than a UiO-66/super P based
functional separator (964 mAhg™! at 0.5C after 200 cycles).
These discrepancies can be attributed to several factors: 1) not
the same membrane architecture - no interlayers but functional
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separators; 2) different cycling rates (0.5 C vs 0.1 C in this work);
3) the content and the type of conductive carbon, and 4) the dif-
ferent structural features of these two frameworks (not the same
linker, defects ratio).

In Figure 6b, two oxidation peaks and two reduction peaks
could be observed in the cyclic voltammetry (CV) curves of
Li-S batteries with MOF-801(Zr)/C/PVDF-HFP MMM inter-
layer. The reduction peaks at about 2.28 and 1.98 V correspond
to the reduction of Sg to Li,S,, (4 <n <8) and Li,S,, (4 <n<8)to
Li,S/Li,S,, respectively.”” In addition, the peaks of the cell with
the MOF-801(Zr)/C/PVDF-HFP MMM interlayer were shown to
be sharper, and the peak currents were larger than the batteries
without the interlayer, demonstrating that the MOF-801(Zr)/C/
PVDF-HFP MMM interlayer improves the electrochemical kinet-
ics of Li,S, conversion. The kinetic improvement by this MMM
was also confirmed by the electrochemical impedance spectros-
copy (EIS) results. The EIS Nyquist plots of batteries with equiv-
alent circuits are shown in Figure 6¢, R1 reflects the contact
resistance between the electrode and the electrolyte, R, reflects
the resistance of charges transfer at the interface of the cathode,
and R; reflects interfacial layer resistance at the surface of the
anode. The best charge-transfer capability of this optimized
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Figure 6. a) Galvanostatic cycling performance at 0.1 C; b) the CV profile of Li-S batteries with and without the MOF-801(Zr)/C/PVDF-HFP MMM
interlayer at 0.1 mVs™'; c) EIS profiles (dots are raw data, lines are fitted data). d) EIS profiles; e) galvanostatic cycling performance of batteries with
the MOF-801(Zr)/C/PVDF-HFP MMM interlayer and without interlayer (blank) at different current densities; and f) galvanostatic charge—discharge

curves at different current densities.

interlayer was evidenced by the lowest R, value (6.827 Q) than
that of the other membranes: MOF-801(Zr)/PVDF-HFP MMM
(6.863 Q), C/PVDF-HFP MMM (11.01 ), and PVDF-HFP mem-
brane (18.07 Q) (Table S3, Supporting Information). Such a low
value can tentatively be explained by the abundant exposed O
active sites and Zr-OH sites on Zr6 oxo-cluster limiting polysul-
fides and promoting the sulfur redox reaction kinetics, as
sustained by solid-state NMR and MD calculation results.
Furthermore, as shown in Figure 6d and Table S4 (Supporting
Information), the impedance value of the MOF-801(Zr)/C/
PVDF-HFP MMM cell showed similar values between 1st cycle
(4.326 Q) and 50th cycle (4.248 Q), evidencing its stability upon
cycling. This can be attributed to the interlayer effectively
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limiting the diffusion of polysulfides. Figure 6e shows the rate
performance of the cell with MOF-801(Zr)/C/PVDF-HFP
MMM interlayer and Figure 6f the corresponding galvanostatic
charge—discharge profiles at different current densities, where
the enhancement of the cycling performance at low rates can
be clearly seen when using the MOF-based composite mem-
brane. At higher rates, the improvement related to the blank cell
is more limited, certainly due to the kinetics of the complex redox
reaction of sulfur. Finally, when the current was switched back to
0.1C, the cell could be recovered and maintained at
1013 mA h g ! at the 30th cycle, indicating its excellent rate capa-
bility. The percentage retention is represented in Figure S16
(Supporting Information).
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As mentioned above, the chain of the PVDF-HFP polymer par-
tially enters into the micropores of the MOF-801(Zr), leading to a
slight pore size narrowing. To evaluate if this would impact the
Li* diffusion within the membrane symmetric cells containing
the MMM were assembled. The MOF-801(Zr)/C/PVDF-HFP
MMM was paired between two stainless steel (SS) plates to
make an SS|MMM |glass fiber (GF)|SS cell with electrolyte
(1 M LiTFSI and 0.25 M LiNOj3). The value of ionic conductivity
can be calculated from EIS according to the following equation:

o= d/(RA) )

o is the ionic conductivity (S cm™?), d is the thickness of the sep-
arator (cm), R is the resistance (Q), and A is the area of
the stainless-steel electrode (cm?).°"*? As shown in Figure S17
(Supporting Information), the EIS of the GF separator illustrates
a larger resistance (10.44 Q), while the optimized MMM inter-
layer with the GF separator shows a resistance of 4.04 Q. The
calculated Li* conductivity for this interlayer with the GF sepa-
rator was 19.03 mS cm™!, which is higher than that of the GF
separator (7.22mScm '), indicating that the Li* percolates
faster when the MOF-801(Zr)/C/PVDF-HFP MMM interlayer
was added than when only GF separator is used. Compared with
the macropores in the original GF separator which allow solvated
Li* to pass through, the sub-nanopores in the MOF/C-based
MMM are smaller than the diameters of solvated Li*. This is
likely to cause the desolvation of Li* when diffusing through
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the sub-nanochannels under an electric field, which might facili-
tate subsequent fast Li* conduction.*®>3>4

To further evaluate the charge-transport characteristics, CV
measurements under different scan rates from 0.2 to
0.5mVs~ ' (Figure 7) were conducted. A distinguishable peak
shift could be observed with the increase of the scan rate, leading
to an increase of the polarization voltage at higher rates. It is clear
that the cell with our hybrid interlayer showed a smaller peak
shift with increasing scanning rate for O1 peaks (60 mV), R1
peaks (30mV), and R2 peaks (60 mV) than without interlayer
for O1 peaks (62mV), R1 peaks (32mV) and R2 peaks
(61 mV), suggesting improved kinetics for Li* transport and
lithiation/delithiation process.*>*® Lithium-ion diffusion coeffi-
cient Dy, (cm?s™') was calculated according to the Randles—
Sevick equation:

I, = (2.687 x 10°) w¥/2A Cyy, (D v) /2 (2)

in which I, (in A) is the peak current, n represents the number of
electrons in the reaction (for Li-S batteries, n=2), A (in cm?)
indicates the electrode area (1.327 cm?), Cy;, (mol mL ™) means
the lithium-ion concentration, and v stands for the scanning rate
(Vs 1).57% As shown in Table 1, the values of Dy, for the
cell with the MMM interlayer at all three peaks in CV curves
show higher Dy;, when compared with those of blank cell, fur-
ther demonstrating the faster Li* diffusion rate and reaction
kinetics. This may be due to the existence of abundant polar
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Figure 7. a) CV plots of Li-S batteries; b) CV plots of Li-S batteries with MOF-801(Zr)/C/PVDF-HFP MMM interlayer at different scan rates;
c) corresponding linear fits of the peak current of CV plots of blank cell; and d) corresponding linear fits of the peak current of CV plots of cell with

MOF-801(Zr) /C/PVDF-HFP MMM interlayer.
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Table 1. The Li" diffusion coefficient.

Li* diffusion coefficient Blank
[1x10%cm?s™]

MOF-801(zr)/C/
PVDF-HFP MMM

Peak O1 11.10 15.11
Peak R1 2.52 12.18
Peak R2 5.29 9.57

groups such as -OH on MOFs, which are beneficial to the reac-
tion kinetics of Li*.I"!

3. Conclusion

We have designed a new type of freestanding microporous zir-
conium MOFs-based MMM interlayer based on nanoparticles of
the Zr fumarate MOF-801, a KB porous carbon, and PVDF-HFP.
We could first demonstrate through a combination of experimen-
tal data from solid-state NMR and MD calculations that the
host—guest interaction between the polysulfides and the MOF
structure relies not only in the polar nature of the acidic
Zr-OH terminal groups but also in the polar character of the
carboxylate moieties of the fumarate linker. Incorporating
MOF-801(Zr) and KB into a PVDF-HFP matrix led to a hybrid
interlayer in Li-S batteries, with a remarkable improvement in
the initial capacity up to 1110mA h g~', which was retained at
a significant 880mAhg™ after 50 cycles. Electrochemical
advanced characterizations demonstrated that the MOF-based
interlayer facilitates the diffusion of Li* while effectively anchor-
ing polysulfides and promoting their redox conversion, thus
explaining the enhanced performance of the Li-S batteries.
The development of MOF-801(Zr)-based MMM interlayers not
only represents a promising approach for improving the perfor-
mance of lithium-sulfur (Li-S) batteries, but these findings pave
the way for a general strategy to prepare advanced MOF MMMs
with enhanced electrochemical properties. By considering differ-
ent MOF compositions and fillers, one could design a series of
customized multifunctional interlayers with superior perfor-
mance in Li-S batteries according to specific requirements in
energy storage applications and beyond.

4. Experimental Section

Preparation of MOF-801(Zr) Nanoparticles: Synthesis of nanoparticles of
MOF-801(Zr): 10.86 mmol of ZrOCl,-8H,0, 7.624 mmol of fumaric acid,
9 mL of formic acid, and 40 mL of deionized water were added in the reac-
tor.?? The solution became cloudy within 5 h, indicating the formation of
MOF-801(Zr) nanoparticles. The product was collected by centrifugation,
and washed with water and ethanol. The prepared MOF-801 was finally
dried at room temperature100 °C under the vacuum overnight before use.

Preparation of MMMSs: MOF-801(Zr), KB carbon, and acetone were
added to a glass vial and then sonicated to obtain a uniform suspension.
After that, 5% PVDF-HFP in acetone solution was added to the MOF sus-
pension. After stirring, the homogeneous MOF-801(Zr)/C/PVDF-HFP
slurry was cast onto a glass substrate with a micrometric film applicator
(Elcometer 3570/1). The coated membranes were dried in the air. See
Table S1 (Supporting Information) for detailed information.

Preparation of Sulfur Cathodes and Assembly of Li-S Cells: C/S compo-
sites were prepared by mixing acetylene carbon black and sulfur powder in
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a mass ratio of 4:6. The mixture was heated to 160°C at the rate of
1°Cmin~", then cooled to room temperature. As prepared C/S compo-
sites and PTFE (10%w PTFE) with a mass ratio of 0.95: 0.05 were mixed
in EtOH. After grinding, the uniform pastry was rolled on a flat surface
until it became homogeneous, then punched to 1.327 cm?, and finally vac-
uum dried at 80 °C overnight. The average sulfur loading for each cathode
was ~2.5 mg cm™2,

The Li-S cells were assembled in an argon-filled glovebox. CR2032-type
coin cells were used, with S/C composite as the cathode, the MOF-based
interlayer directly placed after the cathode, the routine glass fiber separa-
tor, and finally lithium metal as the anode. The electrolyte was 1 M LiTFSI
(lithium  bis(trifluoromethanesulfonyl)imide) in 1,2-dimethoxyethane
(DME) and 1,3-dioxolane (DOL) (1:1 v/v) with 0.25 M LiNO; as an addi-
tive. The amount of electrolyte added to each cell was 15 pL electrolyte per
1 mg sulfur.

Material Characterization: All chemicals were purchased from commer-
cial suppliers and used as received without further purification. PXRD data
were recorded on a high-throughput Bruker D8 Advance diffractometer
working on transmission mode and equipped with a focusing Gébel mirror
producing CuKao radiation (4 = 1.5418 A) and a LynxEye detector. Nitrogen
porosimetry data were collected on a Micromeritics Tristar instrument and
Micromeritics Triflex adsorption analyzer at 77 K (preactivating at 373 K
12 h). SEM observations were performed using the FEI Magellan 400 scan-
ning electron microscope. TEM images were recorded with a JEOL 2010
transmission electron microscope operating at 200 kV. TGA data were col-
lected on Mettler Toledo TGA/DSC 2, STAR System apparatus with a
5°Cmin~" heating rate under oxygen flow. The self-sustained films were
cast using an Elcometer 3570/1 micrometric film applicator, which can be
adjusted in 1 micron intervals, from 0 to T mm using a micrometric screw.
A Biichi glass oven B-585 was used for drying and vacuum transfer.
Ultraviolet spectroscopy measurements were performed in quartz cells
and in a UV-1800 Shimadzu spectrometer.

Adsorption Tests of LiSs: The 50 mM Li,S¢ electrolyte was obtained by
mixing 1 mmol of Li,S and 5 mmol of S. 10 mL of DOL, and 10 mL of DME
were added to the vial and the solution was heated under stirring at 70 °C
for 24 h in an argon-filled glovebox. The 50 mg as-prepared MOF samples
were added into 1 mL of 0.05M Li,Se solution to confirm polysulfides
adsorption.

Solid-State NMR: The solid-state NMR spectra were acquired at an
18.8 T/800 MHz spectrometer equipped with a Bruker Avance Neo
console. The cross-polarization (CP) contact time used in the 'H-">C
heteronuclear correlation (HETCOR) and ’Li-'"H CP-heteronuclear
single-quantum coherencel®! experiments are 2.5 ms and 200 ps, respec-
tively. We have implemented frequency-switched Lee—Goldburg (FSLG)
homonuclear "H decoupling during the "H evolution period to achieve
narrower lines in HETCOR.I®"I Note that the "H chemical shift dimension
is corrected by a numerical factor of cos(54.7°) due to FSLG. The
CODEX®? experiments were performed on a 3.2 mm HXY MAS probe.
The Li-"*C rotational echo double resonance (REDOR) experiments were
performed on a 2.5 mm HXY MAS probe. In the REDOR experiment,®’]
the "H-"C CP was first used to polarize ">C, followed by "*C-"Li recoupling
7 pulses applied on Li channel with *C detection. The MAS spinning
frequencies are 10 kHz in all experiments. The 'H and *C chemical shifts
were referenced to the adamantine signal at 38.5 ppm.

MD Simulations: To probe the interactions between the MOF-801 host
material and Li,Se guest molecules, first-principles MD simulations were
performed with the CP2K quantum chemistry software package.® The
molecular interactions were modeled with density functional theory
(DFT) using the Perdew-Burke-Ernzerhof (PBE) functional®! with DFT-
D3(B)) dispersion corrections.®® All the simulations were performed in
the (N, P, 6, = 0, T) ensemble so that the shape of the unit cell is flexible.
The temperature of the simulations was set to 300 K, while the pressure
was set to 1bar. The temperature and pressure were, respectively,
controlled by a Nosé-Hoover thermostat!®”®®! with a time constant of
0.1 ps and an MTTK barostat!®® with a time constant of 1 ps. The plane
wave basis set used a cutoff of 800 Ry and was combined with the
TZVP-MOLOPT basis set’ and Goedecker, Teter, and Hutter (GTH)
pseudopotentials.”"! Each MD simulation is at least 5 ps long.

© 2024 The Authors. Small Science published by Wiley-VCH GmbH
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3D X-Ray Microscopy: The composite membranes were scanned by
nano-CT (SkyScan 2214, Bruker, Belgium) equipped with an X-ray tube
using a W source (operated at 110kV and 170 pA) and a charge coupled
device (CCD) detector. Images of the MOF-801(Zr)/C/PVDF-HFP MMM
were obtained employing no filter and with a voxel resolution of 1.0 pm.
The capillaries were rotated 360° during data acquisition. Images were
taken every 0.15°, i.e., 2401 frames, with an exposure time of 3700 ms.
The geometrical settings were an object-to-source distance of
44.52 mm and an object-to-detector distance of 353.3 mm.

The reconstruction of the CT was done using the NRecon software
(version 2.1.0.0, Bruker) based on the Feldkamp algorithm. CTAn software
(version 1.18.8.0, Bruker) was used for the 3D analysis. A region of interest
representative of the sample was selected and, the images were binarized.
The objects of interest were represented in white color. The quantitative
analyses of the sample were then performed through the 3D plug-in anal-
ysis. CTVox software (Bruker, version 3.3.0) was used for volume
rendering.

Electrochemical Measurements: The electrochemical behavior was inves-
tigated in CR2032-type coin cells through galvanostatic charge-discharge
measurements on a BioLogic MPG2 potentiostat, within a potential win-
dow of 1.8-2.7V (vs Li/Li*). Cyclic voltammetry tests were conducted
within a potential range of 1.8-2.7 V (vs Li/Li™) at different scanning rates,
from 0.1 to 0.5mV s~ ". EIS was performed using potentiostatic mode at
open circuit potential. The measurements were done by applying a sinu-
soidal voltage with an amplitude of 5mV and a frequency range from
100 kHz to 10 mHz.
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the author.
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