batteries

Article

Metal-Organic Frameworks (MOFs)-Integrated Separator for
Improving the Cycle Stability of Lithium-Ion Batteries

Apurba Ray L*(, Neil Wood 1@, Emre Guney 2 Bilal Tasdemir 1©©, Kamil Burak Dermenci

and Bilge Saruhan 1-3*

W) Check for updates

Academic Editor: Zhenbo Wang

Received: 25 May 2026

Revised: 9 June 2026

Accepted: 13 June 2026

Published: 16 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

2(), Maitane Berecibar 2

Institute for Frontier Materials on Earth and in Space, German Aerospace Center (DLR e.V.), Linder Hoehe,
51147 Cologne, Germany

MOBI-Electromobility Research Centre, Department of Electrical and Energy Technology, Vrije Universiteit
Brussel, Pleinlaan 2, 1050 Brussels, Belgium

Department of Materials Science Technologies, Faculty of Sciences, Turkish-German University, Sahinkaya

Cad. 106, Beykoz, 34820 Istanbul, Tiirkiye

*  Correspondence: apurba.ray@dlr.de (A.R.); bilge.saruhan@dlr.de (B.S.)

Abstract

To date, lithium-ion batteries (LIBs) are considered one of the most promising and market-
leading energy storage systems due to their high theoretical capacity and energy density.
However, poor thermal and cyclic stability, low electrolyte uptake, and the possibility for
frequent short circuits of typical separators and evolution of several gases during long
cycle operation pose several problems for LIBs. Metal-organic frameworks (MOFs) have
attracted widespread interest as a promising material for improving the cycle stability and
safety of rechargeable batteries due to their inherent surface and structural properties such
as high specific surface area, high porosity, and ionic conductivity. In this work, the aim
is to provide detailed descriptions of the synthesis routes and parameters for obtaining
various MOFs such as Zr-MOF-808 and Ni-MOEF-74 nanoparticles and the fabrication of
those MOF-integrated separators. To optimize the crystallinity, morphological and com-
positional characteristics, and several material characterizations such as XRD, SEM, and
EDX have been applied. Afterwards, the synthesized MOF-integrated glass fiber (GF)
separators have been developed for lithium—-ion battery (LIB) applications. To investigate
the electrochemical performance and the effect of MOF integration into the separators, elec-
trochemical studies in the form of galvanostatic charge—discharge (GCD), electrochemical
impedance spectroscopy (EIS) have been evaluated by preparing CR2032-type half-coin
cells. This MOFs-integrated GF-separators and synthesized LiNip sMng»Cog 20, (NMC622)
cathode materials-based coin cell LIB exhibited higher cycle stability than bare GF-separator
based LIB. This novel approach and extensive research suggest that development of MOF-
integrated separators could significantly improve cycle stability by reducing the internal
cell degradation for next generation energy storage devices.

Keywords: energy storage; lithium-ion batteries; MOFs; separators; cycle stability

1. Introduction

Lithium ion batteries (LIBs) are considered as one of the most market leading energy
storage systems with the application in electric vehicles (EVs) and various portable electron-
ics [1-3]. However, emerging electric vehicles are looking for further improvements in LIBs’
power density, lifecycle, safety, and minimal cell degradation. In general, the uncontrolled
volume expansion and formation of lithium-dendrites limits the commercialization of

Batteries 2026, 12, 218

https://doi.org/10.3390/batteries12060218


https://crossmark.crossref.org/dialog?doi=10.3390/batteries12060218&domain=pdf&date_stamp=2026-06-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0002-2693-9898
https://orcid.org/0009-0000-9227-6992
https://orcid.org/0009-0005-6832-8453
https://orcid.org/0000-0002-9439-6098
https://orcid.org/0000-0001-6895-8387
https://doi.org/10.3390/batteries12060218

Batteries 2026, 12, 218

2of 16

lithium-—metal anodes [4,5]. During the charge—discharge process of LIBs, the Li-metal
anode comes into contact with the electrolyte and forms a solid electrolyte interface (SEI)
layer on the surface of the Li-anode through chemical reactions. As a result, this SEI layer
cannot prevent the further growth of Li-dendrites and at the same time causes a rapid
increase in the interfacial resistance between the separator and the anode [6,7]. According
to the literature, thermal runaway and various types of gas evolution are also major issues
in LIB cells, particularly under abusive operating conditions such as overcharging, extreme
temperatures, and cell deformations [8-10]. Gas evolution in LIBs occurs from multiple
sources, including decomposition of electrolyte solvents and the structural deformation
of cathode materials [10,11]. Specially, during the initial formation cycle, gas is primarily
generated through electrolyte decomposition and O?~ release from cathode oxidation [12].
Such gas evolution has a profound impact on battery performance, such as electrode degra-
dation, volume expansion, reduced shelf life, increased cell impedance, reduced cycle
life, electrolyte displacement, and safety issues [4,13]. The evolution of degradative gases
strongly depends on the electrode—electrolyte composition and the operational voltage win-
dow of the cell. Nevertheless, performance and energy density of the LIB remains a popular
research topic. Among the various strategies to increase the specific capacity (>200 mAh/g)
and cycle lifetime (>1200 cycles) of LIBs over a wide voltage range, increasing the fraction
of highly redox-active Ni in Lij,x(Nij_y_,MnyCoz)1 <Oz (NMC) cathode materials (such as
Ni-rich LiNiO_gMI‘IO_lCOO.]Oz (NMC811), LiNiO.gMDO'05CO0.0502 (NMC90)) offers a hlghly
effective solution [1,14,15]. However, the long charge—discharge process, lattice disorder-
ing (Jahn-Teller) of manganese ions, dissolution of metal ions such as nickel ions, and
the evolution of several gases due to unwanted side reactions also cause lower capacity
retention. Furthermore, the operation of NMC cathode in liquid electrolyte-based LIBs
results in the evolution of several gases such as Hy, Oy, CO, CO,, and relative humidity
(H20O) [10,16]. The specific causes of gas evolution are the electrochemical oxidation of
organic electrolytes, electrochemical decomposition of residual Li;COj3 species formed on
the surface of Ni-rich NMC cathodes and structural instability of NMC cathodes at high
state of charge (SOC) [17,18].

To address the aforementioned issues in battery systems, numerous efforts have been
devoted worldwide to developing new materials and battery chemistries to improve battery
cycle life without compromising battery performance [6,19]. Modern research also shows
that many of the issues can be relatively easily resolved or mitigated by improving the
performance of battery separators rather than modifying anode, cathode, or electrolyte
materials. Separator, one of the most important components of battery technology, prevents
direct electrical contact between anode and cathode and provides a favorable channel for
ion transport towards the electrodes [6,7,20]. Commercial separators such as polyethylene
(PE), polypropylene (PP), etc., have very good electrochemical stability, good mechanical
stability, and low price. However, the low porosity, low thermal stability and selective
electrolyte wettability of these commercial separators lead to high cell impedance, low
energy density and reduced Li-ion transport rate, which significantly affects the long
cycle stability and rate performance of LIBs [21]. To overcome the above-mentioned
problems of unwanted gas evolution, low thermal stability and poor electrolyte wettability
of commercial separators in LIBs, various approaches have been proposed [22]. Among
these, metal-organic frameworks (MOFs) have attracted a great interest in recent years
as new materials for gas adsorbents, gas removal/storage, heterogeneous catalysis, ion
exchange, and molecular separation [23,24]. The high tunability in design, large void spaces,
ultra-high active surface areas, crystalline nature and extensive structural and chemical
diversity of MOFs make them one of the fastest growing materials, which has encouraged
researchers to use them in multiple applications [25,26]. MOFs have also proven themselves

https://doi.org/10.3390/batteries12060218


https://doi.org/10.3390/batteries12060218

Batteries 2026, 12, 218

30f16

as alternatives to several gas absorbents and storage-capable multifunctional components
to improve the battery life of LIBs under abuse conditions [27]. The development of
novel porous MOFs-integrated separators has become one of the most important research
interests for high performance batteries applications [7,28,29]. An inherently well-ordered
porous structure of MOF-nanoparticles makes them promising materials for improving
the safety and cycle stability of lithium—ion batteries. Among several MOFs materials, Zr
and Ni-based MOFs exhibit excellent ion adsorption capacities and efficient ion sieving
properties for above mentioned gases [30-33].

In this work, Zr-MOF and Ni-MOF nanoparticles have been synthesized via a simple
and cost-effective solvothermal method. In order to improve the cycle stability of LIBs,
the synthesized Zr-MOF and Ni-MOF nanoparticles have been integrated into glass fiber
(GF) separators and assembled into LIBs to investigate the battery performance. The
MOF-integrated GF separator and NMC622 cathode material-based LIBs exhibit higher
cycle stability than that of bare GF-separator based LIB. While several studies and reviews
have explored metal-organic framework (MOF)-modified separators for energy storage
applications, primarily lithium-sulfur batteries, a comprehensive, comparative study on
MOF-integrated separators specifically for lithium—ion batteries remains absent from the
literature. To bridge this gap, this work presents the first detailed comparative investigation
of two distinct types of MOFs integrated into glass fiber (GF) separators. This unique
research offers a novel strategy for enhancing the performance of next-generation energy
storage systems.

2. Materials and Methods

Zirconium (IV) tetrachloride (ZrCly, Merck KGaA, 98%, Darmstadt, Germany), nickel
nitrate hexahydrate (Ni(NOs), 6H,O, Carl Roth GmbH + Co. KG, 98%, Karlsruhe, Ger-
many), N, N-dimethylformamide (DMF) (Merck KGaA and 99%), formic acid (CH,O,,
AppliChem GmbH, 98%, Darmstadt, Germany), benzene-1,3,5-tricarboxylic acid (BTC,
Thermo Fisher Scientific Inc., 98%, Waltham, MA, USA), methanol (CH4O, Th. Geyer GmbH
& Co. KG, 99.9%, Renningen, Germany,), 2,5-dihydroxyterephthalic acid (DHTPA, Fluo-
rochem Limited 95%, Hadfield, UK), nickel (II) acetate tetrahydrate (Ni(CH3;COO), 4H,O,
chemPUR, 99%, Karlsruhe, Germany,), manganese (II) acetate tetrahydrate (Mn(CH3COO),
4H,0, Carl Roth, >99%), Cobalt (II) acetate tetrahydrate (Co(CH3COO), 4H,0O, Carl Roth,
>98%), lithium acetate (Li(CH3COO), BLD Pharmatech Ltd. >99%, Shanghai, China), and
oxalic acid (C;H,O4 2H,0, Glentham Life Sciences, 98%, Corsham, UK) were purchased
and used without further purification for synthesis of the materials.

2.1. Synthesis of Zr-MOF-808 Through Solvothermal Synthesis Route

The Zr-MOEF-808 was synthesized through an easy and cost-effective solvothermal
synthesis. A suitable amount of zirconium (IV) tetrachloride (ZrCly) (0.15 mmol) was first
dissolved in a 15 mL N, N-dimethylformamide (DMF) solution. Then, 15 mL of formic
acid (CH0O;) and 0.2 mmol of Benzene-1,3,5-tricarboxylic acid (BTC) or trimesic acid were
slowly added to the solution. Finally, 0.5 mL of distilled water was added to the mixed
solution as a modulator agent. The final mixture of precursors was kept for 24 h at a
constant temperature of 120 °C in a 100 mL screw-capped glass bottle. Afterwards, the
white color precipitated materials were washed several times with DMF and methanol
solution to remove the residual reagents. The precipitated materials were then dried at
80 °C overnight to get the final powder sample of Zr-MOF-808 (Zrs(OH)4(BTC),(COOH)g).
The possible chemical reaction has been represented in Figure 1.
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Figure 1. Possible precipitation reaction in Zr-MOF-808 synthesis through the solvothermal process.

2.2. Synthesis of Ni-MOF-74 Through the Solvothermal Synthesis Route

The Ni-MOF-74 materials was also synthesized by following simple and cost-
effective solvothermal synthesis. For this synthesis, 1.2 mmol nickel nitrate hexahydrate
(Ni(NO3), 6H,0) and 0.5 mmol 2,5-dihydroxyterephthalic acid (DHTPA) were added to
30 mL of a mixture of 15:1:1 (v/v/v) DMF-ethanol-water. This solution was then sonicated
in an ultrasonic bath for approx. 1 h until the precursors had completely dissolved. The
reaction solution was then filled into an autoclave Teflon reactor and placed in an oven for
24 h at 100 °C. After cooling to room temperature, the precipitated mixture was transferred
and the precipitated brownish solid was washed three times with 30 mL of DMF and three
times with 30 mL of methanol. After filtration, the sample was dried in a vacuum oven
for 16 h overnight at 80 °C. The product Ni-MOF-74 was obtained as a yellowish-brown
powder as shown in Figure 2. The possible chemical reaction has also been represented
in Figure 3.

Figure 2. Synthesis of Ni-MOF-74 particles: (a) precursor solutions; (b) mixing of precursors trans-
ferred into an autoclave and placed in an oven for 24 h at 100 °C; (c) dried Ni-MOF-74 powder.

o
H CH;COOH
3 Ni(NO3), © OHl - >
1 ) B o
e HO 100 °C, 24 h, DMF, H,0
OH

(o}

Niy(DHTP)(H,0),
Ni-MOF-74

Figure 3. Possible precipitation reaction in Ni-MOEF-74 synthesis through solvothermal process.
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2.3. Synthesis of NMC622 Through Co-Precipitation Route

As cathode material, NMC622 was synthesized and used. For the synthesis of
NMC622, 0.6 mol nickel (II) acetate tetrahydrate (Ni(CH3COO), 4H,0), 0.2 mol man-
ganese (II) acetate tetrahydrate (Mn(CH3;COO), 4H,0), and 0.2 mol cobalt (II) acetate
tetrahydrate (Co(CH3COO), 4H,0) were each dissolved separately in deionized water.
Additionally, 1.5 mol lithium acetate (LiCH3COQO) was added to achieve a Li:M ratio of
1.5:1 to compensate for lithium loss during calcination. After mixing all metal precursor
solutions under continuous stirring and heating, 1.75 mol of oxalic acid (C;H,04 2H,0)
was slowly added dropwise as a co-precipitation agent. The resulting suspension was
stirred for 1 h and then heated to 80 °C to reduce the water content. After most of the water
content and dried at the same temperature overnight in an oven. The dried precursor was
ground using a mortar and subsequently calcined at 850 °C for 8 h in air with a heating
rate of 3 °C/min to successfully get the NMC622 powder.

2.4. Fabrication of MOF-Integrated Glass Fiber (GF) Separator

Glass fiber (GF) separators were also coated with the 5 wt% of MOF-polymer solution.
Due to the thick and rough surface properties of the glass fiber (GF) separator, it was
initially coated using drop casting process (Figure 4). For the preparation of MOF-polymer
solution, 1 g of polyvinylidene fluoride (PVDF) was added to 10 mL of acetone in a 20 mL
screw cap glass container and stirred on a hot plate at 50 °C for approximately 2 h. After
complete dissolution, 5 wt% of MOF relative to PVDF was added to the solution, followed
by stirring for an additional 60 min until half of the initially added solvent had evaporated.

Figure 4. Fabrication of Ni-MOF-74-integrated glass fiber (GF) separator by drop coating process, left
is before and right is after drop coating of Ni-MOF-74 into GF.

2.5. Characterizations

The synthesized Zr-MOF-808 and Ni-MOF-74 powder materials have been character-
ized by various techniques. The crystalline structure and composition of the synthesized
Zr-MOF-808 materials are studied using Bruker D8 Advance X-ray diffractometer (XRD,
Bruker, Bremen, Germany) under Cu K radiation (A = 1.5406 A) source, 35 kV voltage and
20 range of 2-60°. The morphology and size of the MOFs materials have been studied by the
scanning electron microscopy (SEM) technique and elemental compositional analysis has
been performed by Energy-dispersive X-ray spectroscopy (EDX) with the help of Zeiss Ul-
tra 55 microscopes (Zeiss, Jena, Germany). To investigate the electrochemical performance
and suitability for lithium—ion battery (LIB) application, Li-ion coin cell batteries in half-cell
form have been initially fabricated and tested using synthesized and commercialNMC622
as cathode, Li-anode, 1 M LiPF in EC/DMC (1:1 v/v) (LP30) electrolyte, and various sepa-
rators such as with and without MOF-integrated glass fiber (GF) separators. Five cycles
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galvanostatic charge-discharge (GCD) measurements have been initially carried out to
study the electrochemical performance and effect for MOF-integration into the separators.
The half-cells LIBs were then also analyzed using electrochemical impedance spectroscopy
(EIS). This study significantly helps to investigate the influence of MOF integration on
internal resistances in combination with charge transfer and diffusion processes. Finally,
the cycle stability of the half cells was tested with the MOF-integrated separators. For this
purpose, galvanostatic charging and discharging measurements were started with the cells
over 200 cycles.

2.6. Fabrication of NMC622 Cathode for Coin Cell Assembly

Cathodes were produced with synthesised NMC622 as the active material. One of
the biggest challenges here was to achieve the right consistency of the slurry so that it
can be coated evenly and no cracks or loss of active materials occur during electrode
drying after coatings. The best results were achieved in preliminary tests with a PVDF
content of 10% as a binding agent. Electrodes were prepared with an 8:1:1 mass ratio of
NMC622, activated carbon (AC) and polyvinylidene fluoride (PVDF) binder. First, PVDF
was dissolved in the N-Methyl-2-pyrrolidone (NMP) solvent under continuous stirring
at 60-65 °C. Afterwards, the PVDF solution was cooled and AC and NMC622 powder
were added to the solution followed by stirring of the mixture overnight at a high-speed of
1400 rpm. The resulted slurry was coated on aluminium foil using a doctor blade coating
device with a device set up for thickness of 600 um and dried at 80 °C for 4 h. Finally,
14 mm diameter discs (Figure 5) were punched out from the electrode for assembling the
CR2030 half-coin cells. The mass of active material per electrode with a diameter of 14 mm
was approx. 15 mg (approx. 9.7 mg cm~2). Subsequently, the assembly of the coin cells was
carried out in a glovebox under inert Ar-gas atmosphere and the electrolyte 1M LiPFg in
ethylene carbonate (EC)/dimethyl carbonate (DMC) = 50/50 (v/v) was used. Commercial
NMC622 electrode sheets were also purchased from NEI with 2mAh cm~2 capacity loading
(approx. 11.11 mg cm~2) and cut into coin-sized electrodes with a diameter of 15 mm.
NMC622 half-cells were assembled with Celgard3501, Bare-GF, and Ni-MOF-GF using the
same electrolyte composition and Li metal counter electrode.

Figure 5. Lithium-nickel-manganese—cobalt—oxide (NMC622) cathodes with a diameter of 14 mm
for coin cell assemble.

3. Results and Discussion

The crystal structure of organic frameworks (MOFs) is one of the most important fac-
tors for their unique behavior and performance. X-ray diffraction (XRD) analysis indicates
that the most important characteristic diffraction peaks (Figure 6a) at 20 (degree) = 8.36°,
8.78°,10.08°, and 11.01° are assigned to the planes (311), (222), (400), and (331), respectively
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confirming the successful synthesis of crystalline Zr-MOF-808 (JCDPS# 08-0247) [34-36].
The 3D visualization of the crystal lattice of the synthesized Zr-MOEF-808 has been created
using the powder X-ray diffractogram, as shown in Figure 6a (inset). To confirm the crys-
tallinity, the diffraction peaks of synthesized Ni-MOF-74 powder has also been represented
in Figure 6b. The XRD pattern of the synthesized Ni-MOF-74 matches well the patterns in
other studies [23,30,37]. The XRD patterns (Figure 6b) of Ni-MOF exhibit two characteristic
sharp peaks at around 20 (degree) = 6.88° and 11.78° that confirms the successful synthesis
and formation of crystalline Ni-MOF-74 samples (CCDC No.: 638,866). A 3D visualization
of the crystal lattice has also been created using the powder XRD data (Figure 6b (inset)).
In contrast to Zr-MOF-808, Ni-MOF-74 has bipyramidal sub boundary units (SBUs) and
a honeycomb-like crystal structure that can significantly help to the absorption of gas
molecules (such as Hy, CO,, CHy, etc.) in these hexagonal free spaces [28,37,38].

(a) Zr-MOF-808 ) —— Ni-MOF-74
JACDS: # 08-0247 g CCDC No. 638,866
? — L-L
= a = _ ;':,“ y
ol ¢ < = /h{ g
£ @g gl T . }:m
Z 7 3
gz *M B g e =
E ® | £ N
< = 7 X
-~
1 ll | Y PPN T PP
8 10 12 14 16 18 20 0 30 Bs @ 5 b
20 (degree) 20 (degree)

Figure 6. XRD pattern and crystal structure (inset) of synthesized (a) Zr-MOF-808 powder and
(b) Ni-MOEF-74 powder materials.

The surface morphology of the synthesized Zr-MOF-808 materials has been observed
with SEM investigations as shown in Figure 7. The SEM images in Figure 7a,b show that
the smaller size particles agglomerated to form larger spherical secondary particles. It
has been observed that the nanosized spherical particle of size range from 50 to 70 nm
has been achieved in this cost effective scalable solvothermal synthesis process. Overall,
this morphology also indicates that the synthesized Zr-MOF-808 materials possess a high
surface area with uniformly distributed porosity that has promising effect on the electrolyte
uptake and gas absorption capacity of the materials. The EDX images in Figure 7c,d
show that the individual elements are homogeneously distributed and that there is no
agglomeration of elemental zirconium or other elements. The surfaces morphology of
synthesized Ni-MOF-74 is also shown in Figure 8. The surface morphology of Ni-MOF-74
Figure 8a,b shows a homogeneous distribution of agglomerated particles of relatively bigger
sizes of particles. In contrast to the Zr-MOF-808, the SEM images of the synthesized Ni-
MOF-74 did not show nanoparticle morphology, but crystalline particles in the micrometre
range. The element distribution Figure 8c,d shows that there are no contaminations from
impurity atoms. The EDX images also show that the individual elements are evenly
distributed and that there is no precipitation of elemental nickel or other elements.
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Figure 7. (a,b) SEM images and (c,d) EDX images with elemental distribution of synthesized Zr-MOF-

808 powder materials.
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Figure 8. (a,b) SEM images and (c,d) EDX images with elemental distribution of synthesized Ni-
MOF-74 powder materials.

Glass fiber (GF) separators were also coated with the 5 wt% of Zr-MOF-808 and Ni-
MOEF-74 polymer solution. Due to the thick and rough surface properties of the GF separator,
it was initially coated using drop casting process as shown in Figure 4. The SEM image
(Figure 9a) of the uncoated bare GF separator clearly shows the individual micrometre-
sized microstructure on the surface of the glass fiber. The SEM images (Figure 9b,c) of the
Zr-MOF-808 and Ni-MOF-74-coated GF separators also confirm that the Zr-MOF-808 and
Ni-MOF-74 are completely and uniformly integrated into the pores and surface of the glass
fiber microstructure. The individual glass fibers are barely visible in Figure 8b,c. Moreover,
it can also be seen that the surface of the MOF-integrated GF is porous at nanometer level.
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Figure 9. SEM images of (a) bare glass fiber (GF) separator, (b) 5 wt% Zr-MOF-808-integrated glass
fiber (GF) separator and (c) 5 wt% Ni-MOEF-74-integrated glass fiber (GF) separator.

To further investigate the effect of MOF-integration on GF separators, the charge—
discharge measurements of LIBs containing NMC622 cathodes in coin cell form in the
voltage range of 2.7 V to 4.2 V at a C/10 current rate for the first five cycles are shown in
Figure 10. The charge—discharge curves (Figure 10a) of the LIB with bare glass fiber (GF)
separators show a high specific capacity of 109.4 mAh/g for the first discharge cycle. After
the fifth cycle, the specific capacity of this cell increased slightly to 115.9 mAh/g, which
may be due to electrochemical activation of the electrode materials and sometimes common
for NMC cathodes during the early aging stage, known as initial capacity increase [39-41].
The charge—discharge curves of the LIB cell composed of 5 wt% Zr-MOF-808-integrated
GF separator (Figure 10b) shows that the overall capacity increases to 134.5 mAh/g in
the first discharge cycle and after the fifth cycle it maintains a nearly constant capacity at
around 127.1 mAh/g, with a very low capacitance loss of 7.4 mAh/g. Similarly, the LIB cell
composed of 5 wt% Ni-MOF-74-integrated GF separator also exhibits an initial discharge
capacity of 145.2 mAh/g and 139.2 mAh/g after the fifth cycle. However, initial capacity
loss in the first charge—discharge cycle is observed for both MOF-integrated separator-based
LIBs which is mainly due to the formation of electrolyte decomposition products and the
formation of solid electrolyte interphase (SEI) film [42,43]. Typically, even high-capacity
layered NMC cathode experience irreversible capacity loss in the first charge—discharge
cycle. Low initial coulombic efficiency of NMC cathodes is referred to the irreversible
loss of LipO from Li;MnOj region [44]. However, optimal thickness and porous surface
of the GF-separators significantly improve the MOF-integration and capacity of the LIB
cells. Both MOFs (Zr-MOF-808 and Ni-MOF-74) significantly improve electrolyte uptake
and facilitate the movement of Li* ions through the GF-separators, resulting in increased
capacity and increased stability of the cell performance [6,45].
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Figure 10. GCD measurements of lithium—ion half-cells with NMC 622 cathode and (a) bare glass

fiber (GF) separators, (b) 5wt% Zr-MOF-808-integrated glass fiber (GF) separators, and (c) 5wt%
Ni-MOF-74-integrated glass fiber (GF) separators in a voltage window of 2.7-4.2 V.

The electrochemical impedance spectroscopy (EIS) analysis in term of the Nyquist
plots of bare GF-separator and MOF-integrated GF-separator based coin cell lithium—-ion
battery have been carried out at room temperature in the frequency range of 100 kHz
to 0.01 Hz with a.c. amplitude of 5 mV. Two EIS curves in Figure S1 show a depressed
semicircle consisting of two semicircles at high frequencies and a notable diffusion tail at
low frequencies. All EIS curves in terms of Nyquist plots have been fitted with equivalent
circuit model using EC-Lab software. The equivalent circuit in Figure S1 (inset) reveals that
R represents the electrolyte resistance and contact resistance of electrode/current collector,
the first semicircle at high frequencies corresponding to the cathode—electrolyte interface
(Rcpr and CPEcgg), the second semicircle at medium frequencies corresponding to the
charge-transfer (R¢t) behavior of the electrode and the sloping line in the low frequencies
signifies the Li* ions diffusion (Warburg diffusion, W Warburg) into the cathode [46-49].
There is a significant change in overall cell impedance values observed after use of MOF-
integrated GF separators. The Rt value changes from 43.2 () to 24.3 () for Zr-MOEF-GF
separator and 14.9 Q) for Ni-MOEF-GF separators, respectively, indicating faster ion transfer
kinetics. This suggests that the MOF integration into the separator facilitate effective and
continuous conducting pathways for ions [7,37,50-52]. Moreover, this outcome can be
attributed to the characteristic properties of Zr-MOF and Ni-MOF, such as their synergistic
physical, ionic transport conductivity, and large surface area, which can facilitate Li* ions
transfer between the electrode and the electrolyte [14,33,53].

To obtain more clear information about the stability of the battery performance, a
comparative long cycle study for 50 cycles at C/10 within the same voltage range of 2.7
and 4.2 V has been conducted for both LIB cells composed of Zr-MOF-808-integrated
GF-separator and bare GF-separator. For NMC622 cathode and bare GF-separator-based
cell shows (Figure S2a) initial discharge capacity of 109.4 mAh/g and reduced to the value
of 72.6 mAh/g after 50th cycle. The Zr-MOF-808-integrated GF-separator (Figure S2b) and
Ni-MOF-74-integrated GF-separator (Figure S2c)-based LIB show good capacity retention
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after 50 cycles. They offer capacity of 84.3 mAh/g for Zr-MOF and 96.6 mAh/g for Ni-MOF
in the first cycle and reduced to 72.3 mAh/g for Zr-MOF and 94.1 mAh/g for Ni-MOF after
end of 50 cycles, which indicates the stable performance of the MOF-integrated separator-
based LIBs. Based on the slow cycling data of MOF-integrated GF separator results, the
Ni-MOEF-GF separator was selected for the GCD test under a higher C-rate (1C).

A commercial NMC622 electrode with 15 mm diameter was assembled with various
kinds of separators to evaluate the produced MOF performance. LP30 (1M LiPF6 EC:DMC
(1:1 v/v)) electrolyte and Li metal as counter and reference electrode were used to assemble
the half-cells. The system was not restricted by any time or capacity except the upper-cutoff
voltage during charge at formation cycles to be able to produce as much gas as possible.
The first formation cycles showed that electrodes performed over 210 mAh/g specific
capacity during charging, which was higher than NMC622’s approximate capacity of
around 180 mAh/g, leading to overcharging of the cell until 4.2V (Figure 11a). Commercial
NMC622 electrodes with bare-Celgard, bare-GF (0 wt% Ni-MOF-GF), and 5 wt% Ni-MOF-
GF separators performed almost identical discharge capacities of 173 mAh/g under CCCV
discharge conditions. The cells were subjected to galvanostatic charge—discharge (GCD)
test for long-term stability performance investigation (Figure 11b). It was found that,
NMC622 cell with bare-Celgard 3501 separator (black line) showed the poor performance
with losing more than 80% of starting capacity after 50 cycles during cycling at 1C. In
the first 50 cycles bare-GF separator cell (red line) and 5 wt% Ni-MOEF-GF separator cell
(blue line) performed similar behavior. However, cell performance of 5 wt% Ni-MOF-GF
separator started to decrease more than bare-GF in next 100 cycles. The most critical part
was after 150th cycle bare-GF cell lost its 66% of capacity in 10 cycles, while the degradation
of 5 wt% Ni-MOF-GF separator showed more reliable performance. The LIB cell composed
of bare-GF separator (Figure 11b) exhibits a higher initial capacity retention compared to
the cell with 5 wt% Ni-MOF-integrated GF-separators because it offers an unobstructed
pathway for ions, but it experiences rapid degradation due to unregulated dendrite growth
and chemical degradation. Conversely, the cell composed of 5 wt% Ni-MOF-integrated GF-
separator requires a few initial cycles to overcome a minor initial resistance, but its ability to
regulate ion flow and protect the battery chemistry ensures far superior long-term capacity
retention. These results also indicate that the MOF material likely adsorbed the generated
gas, which had previously hindered the movement of lithium-ions and suppressed cell
capacity [54-56]. However, due to the absence of any absorbing agent in bare-GF, the
lithium metal started to passivate through reactions with the gas over 150 cycles, which
can be observed from the sharp decline in its capacity compared to the 5 wt% Ni-MOF-GF
separator cells. The cells were subjected to a cycling test under a slow C-rate (0.1C) for
cells” degradation evaluation. The results showed that the 5 wt% Ni-MOF-GF separator
cell retains 81.5% of its original capacity after 200 cycles of GCD at 1C (Figure 11c). The
bare-Celgard and bare-GF cells have lost more than 50% of their original capacity. These
results demonstrate that impregnating the separator with MOF to absorb the generated
gases helps extend the lifespan and performance of the cells.

EIS results showed that commercial NMC622 cells had a similar impedance value
before the GCD test began (Table 1 and Figure S3). EIS measurements of the cells were
repeated after 200 cycles of the GCD test. The results indicate that the GF separator impreg-
nated with 5 wt% Ni-MOF inhibited cell degradation by adsorbing the gases generated
because of electrolyte decomposition and SEI formation. Based on the impedance results,
the 5 wt% Ni-MOF-GF separator cell inhibited the electrode degradation, corresponding
to an increase of less charge transfer resistance compared to bare-Celgard and bare-GF
cells. Moreover, XRD analysis was performed on GF separators to monitor the changes
(Figure 54). It was found that the fresh bare-GF separator showed broad intensity in be-
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tween 20 (Mo K) 7-14°. On the other hand, 5 wt% Ni-MOEF-GF showed a quasi-crystalline
structure with two peaks observed at 20 = 3.94° and 9.21°. The 26 = 3.94° peak disappeared
after 200 cycles, which may correspond to 5 wt% Ni-MOF-GF gas trapping.
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Figure 11. Comparative analysis of bare-Celgard3501, bare-GF, and 5wt% Ni-MOF-GF separators in
the voltage range of 2.8-4.2 V (a) Formation cycle of commercial NMC622 half cells, (b) long-term
GCD cycles at 1C for 200 cycles, (c) capacitance analysis of NMC622.

Table 1. EIS calculation of commercial NMC622 half-cell with bare-Celgard, bare-GF, and 5 wt%
Ni-MOEF-GF separators.

Before GCD After GCD
Celgard  Bare-GF  Ni-MOF-GF  Celgard  Bare-GF = Ni-MOF-GF
Ry 1.964 3.21 5.145 20.516 50.547 113.275
Rt 3.28 3.162 3.666 129.347 164.00 41.284
W 198.555 145.121 148.271 626.706 358.362 125.283

4. Conclusions

The main aim of this research work is to describe the details of metal organic frame-
works (MOFs) synthesis, the fabrication of separators composed of synthesized MOFs
and their performance. The synthesis parameters have been established for the synthesis
of nanostructured Zr-MOF-808 and Ni-MOF-74 materials via a facile process-controlled
solvothermal method. These MOFs have been successfully integrated into glass fiber (GF)
separators. Both MOF-integrated separators based half-cells showed significantly lower
cell resistance compared with bare GF-separator. These extensive studies confirmed that
MOFs can be used to modify the surface and porosity of separators. The results indicate
that the integration of Zr-MOF-808 and Ni-MOF-74 increased the surface area and overall
porosity of the separators, resulting in improved wettability and electrolyte uptake capacity.
Additionally, the MOF-integrated separators reduced the electrochemical resistance of
the separators and at the separator-electrolyte interfaces. The MOF materials into the
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separators also increase the reaction kinetics, improving ionic/electrical conductivity and
provide favorable channels for ion transport. In general, it is assumed that the capacity
losses during the long cycle are due to degradation of the battery components such as the
cathode, anode, or the electrolyte. This degradation is caused by unwanted side reactions
such as the production of insoluble lithium oxide (LiO;) and the evaluation of various gases
such as Hp, Oy, CO, CO,, and HO. Typical separators also induce several problems such as
insufficient thermal stability and susceptibility to crystal branching. The MOF-integrated
separators developed in this work possess high structural stability and provide stable ion
transport pathways, thus reducing the probability of degradation and increasing the cell
lifetime and electrochemical stability. The studies will be extended to analyses their charac-
teristics to absorb the gases inside the cell. This requires a more intensive optimization of
MOF-integrated separator fabrication, establishment of gas absorption ability which makes
the content of the upcoming experiments. This study opens new directions in research to
reduce battery performance degradation. Overall, the electrochemical studies done so far
confirmed that the MOF-integrated separators function excellently to improve the battery
performance yielding a promising component for the next generation of battery production.
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integrated GF-separator based LIB; Figure S3: Nyquist graph comparison of commercial NMC622

half-cells with Celgard, Bare-GF, and Ni-MOEF-GF (a) Before GCD and (b) after GCD; Figure S4: XRD

graphs of (a) Fresh Bare-GF and Bare-GF after 200 cycles, (b) Fresh Ni-MOF-GF and Ni-MOF-GF after
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