Journal of Power Sources 608 (2024) 234613

Contents lists available at ScienceDirect

Journal of Power Sources

e

ELSEVIER

journal homepage: www.elsevier.com/locate/jpowsour

JOURNAL OF

POWE

R

MIL-100(Fe) MOF as an emerging sulfur-host cathode for ultra long-cycle
Metal-Sulfur batteries

Alvaro Bonilla®', Gabriela A. Ortega-Moreno b1 Maria C. Bernini”, Juan Luis Gémez-Camer ?,
Lucia Isabel Barbosa™ ", Alvaro Caballero®"
& Dpto. Quimica Inorgdnica e Ingenieria Quimica, Instituto Quimico para La Energia y El Medioambiente (IQUEMA), Universidad de Cérdoba, 14014, Cérdoba, Spain

b Instituto de Investigaciones en Tecnologia Quimica (INTEQUI-CONICET), Facultad de Quimica, Bioquimica y Farmacia, Universidad Nacional de San Luis (UNSL),
Almirante Brown 1455, San Luis, 5700, Argentina

Check for
updates

HIGHLIGHTS GRAPHICAL ABSTRACT

e For the first time, Fe-based MOF is used
as a sulfur-host in metal-sulfur cathodes.
e MIL-100(Fe) MOF morphology is main-

tained during electrode preparation ANODE LITHIUM (Li) - Fpat mg
process. % ~ ‘ém \ [ 5
o Remarkable rate capability behavior OVDN\ = it 03 © g
and low polarization are shown by MIL- w Ys\'\x\o = | e i
100(Fe). W e
o Sulfur/MIL-100(Fe) cathodes overper- 2 a Cycle Number
form other MOFs in Li-S reaching 3000 CATHODE
cycles. — g / S@MIL-100(Fe) = . 0o,
) "
e Highly stable Na-S cathodes are ach- "?;, e C L E 300 L %0 g
e s 3 20 ; s
ieved with sulfur/MIL-100(Fe) S Hvowm .\“&0" g| = L_ e g
composites. = AT QO 2 g “§
p s 1",,;}{ - We g 1 100 w?
P 3, | |y E
o £ o o o a0 sbo 8o 70b0 100 740 160 79b0 2009
s & ANODE SODIUM (Na) | @ o
s

ARTICLE INFO ABSTRACT

Keywords:

Metal-organic framework
Lithium-sulfur cells
Sodium-sulfur batteries
Ultra-stable cathode

Metal-Sulfur (Li/Na-S) battery technology is considered one of the most promising energy storage systems
because of its high specific capacity of 1675 mA h/g, attributed to sulfur. However, the rapid capacity degra-
dation, mainly caused by metallic polysulfide dissolution, remains a significant challenge prior to practical
applications. This work demonstrates for the first time that a Fe-based metal organic framework (MIL-100(Fe))

can remarkably stabilize the electrochemical behavior of sulfur-cathodes in Metal-S cells during prolonged
cycling. The chemical and morphological properties of MIL-100(Fe) and, especially conjugated with their
textural characteristics, can help immobilize lithium/sodium polysulfides within the highly microporous cathode
structure. Capacity loss per cycle is 0.044 mA h after 3000 cycles at 2C in Li-S cells. This behavior is confirmed
when the MOF-based cathode is studied in RT Na-S batteries, managing to stabilize the capacity with a loss of
less than 0.08 % during 2000 cycles at 0.1 C-rate. The excellent performance can be attributed to the synergistic

* Corresponding author.
** Corresponding author.

E-mail addresses: 1barbosa@unsl.edu.ar (L.I. Barbosa), alvaro.caballero@uco.es (A. Caballero).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jpowsour.2024.234613
Received 20 February 2024; Received in revised form 1 April 2024; Accepted 25 April 2024
Available online 2 May 2024

0378-7753/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:lbarbosa@unsl.edu.ar
mailto:alvaro.caballero@uco.es
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2024.234613
https://doi.org/10.1016/j.jpowsour.2024.234613
https://doi.org/10.1016/j.jpowsour.2024.234613
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2024.234613&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Bonilla et al.

Journal of Power Sources 608 (2024) 234613

effects of the highly microporous structure of MOF-100(Fe), which provide an ideal matrix to confine poly-
sulfides, and the presence of Fe(Il) active centers that provide chemical affinities to sulfur and polysulfides.
These factors contribute to the excellent cycling performance of the S@MIL-100(Fe) composite in Metal-Sulfur

batteries.

1. Introduction

Energy is a pivotal driver of socioeconomic and technological prog-
ress, with fossil fuels dominating 83.5 % of the current global energy
economy [1,2]. The heavy reliance on oil, coal, and natural gas has led
to a surge in atmospheric CO; levels, exacerbating global warming and
climate change [1]. Recognizing the adverse environmental effects,
accelerated by a growing global demand for energy, there is a wide-
spread call for a shift to a low-carbon economy centered on renewable
energy sources. These sources have experienced unprecedented growth
over the past two decades [3]. However, the inherent challenges of
intermittency and fluctuation in renewable energy generation necessi-
tate the integration of energy storage systems (ESS) [4,5]. These systems
play a vital role in storing excess electrical energy, ensuring a reliable
energy supply during unpredictable generation periods, and optimizing
the balance between energy demand and generation for a more sus-
tainable future [3,6]. At present, rechargeable Li-ion batteries (LIBs)
stand as the predominant choice for ESS applications [6]. However, LIBs
are falling short in addressing the present and future energy re-
quirements of society. For this reason, the attention has turned to the use
of batteries based on multielectron redox centers with high energy
densities [7-9]. In this respect, Lithium-Sulfur Batteries (LSBs) are
emerging as attractive candidates for the development of high-efficiency
energy storage systems [8,10] (see Scheme 1).

The key components of LSBs include the following: a cathode con-
sisting of a composite made up of sulfur and a sulfur-host material that
store and immobilize the mobile redox centers; an anode made of
lithium metal; and an organic electrolyte [9]. These electrochemical
devices operate according to the following electrochemical reaction
[11]: 16 Li* + Sg + 16 e~ = 8 LisS; E® = 2.15 V (vs Li/Li*). With two Li
per S atom, LSBs provide a theoretical specific capacity of 1675 mA h/g
and a theoretical specific energy of 2600 Wh/kg, which exceeds 3-5
times the theoretical energy supplied by conventional Li-ion systems [9,
11]. In addition, sulfur (Sg) as a conversion cathode material is an
abundant element in nature, environmentally sustainable and more
economical than current cathode materials including LiCoOy and
LiFePOg4 [12].

Although LSBs offer considerable advantages compared to LIBs, they
suffer from a drawback associated with the process known as shuttle
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effect caused by lithium polysulfides (LPSs). This effect leads to sulfur
loss, corrosion of the lithium anode, and self-discharge [9,11,13]. To
solve such problems, four approaches have been applied [14]: (1)
designing new sulfur-host materials capable of trapping polysulfides by
physical adsorption and/or chemical bonding [15,16]; (2) modifying
separators using functional materials to block the diffusion of poly-
sulfides from the cathode to the anode [17,18]; (3) implementing stra-
tegies for lithium-anode protection [19]; and (4) developing new
electrolyte systems to limit the migration of polysulfides [20,21].
While the advancement of LSBs technology is influenced by the
development of each of these approaches, designing new sulfur-host
materials has demonstrated the most significant progress. Porous ma-
terials have been widely explored as sulfur-hosts in LSBs cathodes
because LiySy species tend to get adsorbed into the porous systems by
physical/chemical interactions, reducing the shuttle effect [15]. Among
the diverse range of porous materials suitable for serving as sulfur-hosts
in LSB cathodes, metal-organic frameworks (MOFs) have received
considerable attention due to their singular features [9,11,13,22,23].
These strategies can also be effectively applied in Metal-Sulfur tech-
nologies, with special interest in Sodium-Sulfur (RT Na-S) batteries due
to the inherent advantages offered by sodium, such us low cost, abun-
dance, and environmental friendliness [24,25]. Many strategies have
been used to inhibit the shuttle effect in sulfur electrodes, encompassing
physical, chemical, or electrocatalytic approaches [26]. The present
work proposes a combined physical and chemical inhibition strategy,
capitalizing on the microporosity and Lewis acid-base interactions,
respectively, provided by a pristine MOF. MOFs are crystalline solids
formed by the assembly of multifunctional organic ligands and metal
centers into a periodic 2D or 3D framework structure characterized by
its permanent porosity [27,28]. Compared to other porous materials,
MOFs boasts several advantages, including high specific surface area,
large pore volume, tunable reactivity derived from their functional
groups, and uniformly dispersed metal centers. In some cases, these
centers can transform into coordinatively unsaturated metal sites (CUSs)
[15,27,28]. The CUSs are active sites capable of accepting electron pairs,
functioning as Lewis acids [29], and can even exhibit redox properties
[30]. Due to their Lewis acidity, CUSs tend to interact strongly with
soluble polysulfides, which are species characterized by their Lewis
basicity [31,32]. As a result, the CUSs generated within the MOF

Scheme 1. Scheme for preparation of Metal-Sulfur batteries using MIL-100(Fe) as cathode material.
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structure tend to effectively trap soluble polysulfides, significantly
slowing down the migration of these species away from the cathode [31,
32] and thus preventing sulfur loss. Therefore, the use of MOFs as
sulfur-hosts could provide both an intelligent pore structure and Lewis
acid-base interactions, thereby significantly improving the cycling sta-
bility of Li-S batteries [32].

Different MOFs have been evaluated as sulfur-host materials for
cathodes in Li-S technology. For example, Zhou et al. [9] studied the
performance of four MOFs as sulfur hosts: ZIF-8, HKUST-1, NH; MIL-53
(Al), and MIL-53(Al). The corresponding S@MOF composites were
subjected to cycling tests at a constant discharge/charge rate of 0.5 C,
achieving capacities of 553, 286, 332 and 347 mA h/g after 300 cycles,
respectively. This research has shown that properties of MOFs, such as
the Lewis acidity of the CUSs and the size and shape of the cav-
ities/windows, have a profound impact on the electrochemical perfor-
mance of the composite cathode material [10]. Recently, MIL-88A(Fe)
MOF was evaluated as a sulfur-host material in LSB cathodes [11]. The
S@MIL-88A(Fe) composite showed excellent cycling stability as a
cathode material, delivering an average specific capacity of 300 mA h/g
after 1000 cycles [11]. MIL-88A(Fe) features a three-dimensional flex-
ible crystalline structure composed of oxo-centered trinuclear iron(III)
clusters, commonly referred to as primary building units (PBUs) [33,34].
These PBUs are characterized by three labile ligands: two water mole-
cules and an anionic specie. Controlled thermal removal of these ligands
leads to the formation of two distinct types of CUSs with varying levels
of Lewis acidity: Fel CUSs and Fe'' CUSs [35-37]. The presence of these
active sites has been linked to long-term cycling stability.

MIL-100 MOFs with different metal centers have been used as sulfur
matrices in LSBs. Specifically, MIL-100(V) [13], MIL-100(Cr) [23] and
Mn-MIL-100 [38] have demonstrated capacities of 550, 420 and 346
mA h/g, respectively, at a rate of 0.1C after 200 cycles for MIL-100(V)
and Mn-MIL-100, and 60 cycles MIL-100(Cr). In this study, we
assessed the potential of MIL-100(Fe) MOF as a novel sulfur-host ma-
terial in Metal-Sulfur cells. MIL-100(Fe) has distinctive features; it has a
bimodal mesoporous system [23,32] and PBUs similar in structure to
those of MIL-88A(Fe) [35,39], which enables the formation of Fe' cUSs
through controlled thermal activation [35]. The present work demon-
strates, for the first time, that MIL-100(Fe), containing Fe' CUSs and an
ultra-high specific surface area, can provide notable performance in
capacity retention in Li-S cells. Furthermore, the behavior of this same
S@MIL-100(Fe) composite proves remarkable when tested as a
long-cycling cathode in the novel RT Na-S battery technology. Specif-
ically, the use of CUS engineering principles [40] combined with the
pore confinement effect constituted a strategy that enhanced the
long-term cyclic stability of the cathode when MIL-100(Fe) served as the
sulfur-host. This represents progress towards the systematic design of
sulfur-host cathodes for long-cycle metal-sulfur batteries.

2. Experimental section
2.1. Materials

Materials used in the experimental section were 1,3,5-benzenetricar-
boxylic acid (H3BTC; 98 %, Sigma-Aldrich), iron metal (Fe®; 95 %, BDH
Chemicals), hydrofluoric acid (HF; 40 %, Biopack), nitric acid (HNOs;
65 %, Cicarelli), ethanol (CH3CH,0H; 99.5 %, Cicarelli), sulfur (S,
Merck), polyvinylidene fluoride (PVDF, Sigma-Aldrich), Super P carbon
(SPC, Timcal) and N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich),
lithium bis-trifluoromethanesulfonylimide, (LiTFSI; 99 %, Solvay),
lithium nitrate (LiNOg; 99.9 %, Sigma-Aldrich), 1,2-dimethoxyethane
(DME; 99.9 %, Sigma-Aldrich) and 1,3- dioxolane (DOL; 99.8 %,
Sigma-Aldrich), sodium perchlorate, anhydrous (NaClO4; 99.99 %, Stem
Chemicals), ethylene carbonate (EC; 99 %, Sigma-Aldrich), propylene
carbonate (PC; 99.7 %, Sigma-Aldrich) and lithium sulfide (Li»S; 99 %,
Sigma-Aldrich).
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2.2. Synthesis MIL-100(Fe)

MIL-100(Fe) was synthesized by a hydrothermal process following
experimental conditions described in the literature [35,39,41]. In a
typical synthesis process, 0.67 mmol of 1,3,5-benzenetricarboxylic acid,
1 mmol of Fe® and 5 mL of H>0 were mixed in a Teflon-lined stain-
less-steel autoclave (25 mL internal volume). Subsequently, 2 mmol of
HF and 1.5 mmol of HNO3; were added to the reaction mixture. The
autoclave was then sealed and heated at 150 °C for 24 h. After the re-
action, the synthesized solid was isolated using a Gelec G-142D centri-
fuge and purified through a two-step procedure [35] under reflux
conditions. In the first step, water served as the solvent, and the system
was maintained at 80 °C for 5 h. In the second step, the solid was treated
with ethanol at 60 °C for 3 h. The purified solid was recovered by
centrifugation, dried under ambient conditions, and subsequently acti-
vated through controlled thermal treatment at 120 °C for 12 h under
dynamic vacuum. The resulting brown powder, named MIL-100(Fe),
was used in the preparation of the sulfur-based composite.

2.3. Preparation of the S@MIL-100(Fe) composite

The S@MIL-100(Fe) composite was prepared using the melt diffu-
sion method, which has recently been identified as the optimal tech-
nique for fabricating sulfur-based composites for lithium-sulfur batteries
[42]. First, MOF MIL-100(Fe) and sulfur (Sg) powders were
vacuum-dried in a glass oven (Buchi, B-585). Subsequently, the dried
powders were thoroughly mixed in a 1:1 ratio in a glove box (M-Braun
150; H20, O3 < 0.1 ppm) with an inert Ar atmosphere. The resulting
mixture was then introduced into a hydrothermal reactor, hermetically
sealed with an Ar atmosphere, and heated to 155 °C for 24 h.

2.4. Electrode preparation

Cathodes were prepared by mixing 70 wt% S@MIL-100(Fe), 20 wt%
SPC as a conducting agent, and 10 wt% PVDF as a binder in NMP as the
solvent to make the electrode mixture. This mixture was then cast onto a
conductive current collector using the doctor blade coating technique.
The electrodes were subsequently dried in an oven at 50 °C for 24 h.
Finally, the electrodes were cut into 12.8 mm diameter discs and further
dried at 45 °C for 3 h under vacuum in a glass oven (Buchi, B-585).

2.5. Cell assembly and electrochemical measurements

Metal-Sulfur cells were assembled in a coin cell configuration
(CR2032) within an argon-filled glove box (Inert model IL-4GB; H;0, O,
< 0.5 ppm). For the lithium-sulfur batteries, a lithium metal disc (0.6
mm thick and 14 mm diameter) served as the counter and the reference
electrode, while a polyethylene disc (Celgard 2400) of 25 pm thickness
and 16 mm diameter as the separator. The electrolyte was prepared by
dissolving 1 M LiTFSI and 0.4 M LiNOs in a DOL:DME solvent mixture
(1:1, v/v). For the sodium-sulfur batteries, a sodium metal disc (0.8 mm
thick and 14 mm diameter) was employed as the counter and the
reference electrode, with a glass fiber (GF/F Whatman) separator of 400
pm thickness, 16 mm diameter, and 0.6 pm porosity. The electrolyte was
prepared by dissolving 1 M NaClO4 in a EC:PC solvent mixture (1:1, v/
v). All reagents were vacuum-dried before electrolyte preparation,
ensuring electrolyte humidity, measured in a Karl Fischer (Metrohm)
equipment, was <10 ppm. The volume of electrolyte added was 25 pL
per milligram of sulfur.

The electrochemical study was performed by galvanostatic mea-
surements using a potentiostat-galvanostat Neware BTS 4000. For LSBs,
a voltage window of 1.7-2.8 V vs Li*/Li was employed, while for RT
Na-S batteries, the voltage window was set at 0.8-2.8 V. Current density
was calculated based on the theoretical sulfur capacity, with 1C corre-
sponding to 1675 mA/g. Capacities and rates were determined consid-
ering the mass of sulfur. Cyclic voltammetry (CV) and electrochemical
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Fig. 1. Left: Projection of the MIL-100 structure showing the mesoporous spherical cavities with pentagonal and hexagonal windows. Center: van der Waals
representation of different views of the hexagonal and pentagonal windows (the exposed CUSs are highlighted in yellow). Right: Detailed dimensions and
conformation of Sg. Dashed lines show distances in Angstroms as referenced [45,47]. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

impedance (EIS) measurements were conducted using a potentiostat
Pgstat204 (Metrohm Autolab). CV curves were recorded at different
scan rates (0.1, 0.2, 0.4, 0.6, 0.8 and 1 mV/s) within a voltage window of
1.5-3.0 V. EIS spectra were measured at open circuit voltage (OCV) and
after CV cycles, with frequencies ranging from 500 kHz to 0.005 Hz and
a disturbance amplitude of 10 mV. The Zview 2 software by Scribner
Associates was used for fitting the equivalent circuit during simulation.

2.6. Polysulfide adsorption tests

LisSe (0.5 M) was synthesized by mixing Li»S and sulfur in a 1:5 M
ratio and dissolved in a mixture of DOL:DME (1:1, v/v). The solution was
stirred at 60 °C for 24 h inside an Ar-filled glovebox to obtain the pol-
ysulfide solution. For the polysulfide adsorption test, 20 mg of MIL-100
(Fe), dried under vacuum at 120 °C, were added to a dilute solution of 2
mM LiySe, and the mixture was allowed to rest for 2 h. UV-vis spectra
were obtained using 4 mL of supernatant and 4 mL of blank solution (2
mM Li,Se) via a double-beam UV /vis 4260/50 ZUZI spectrophotometer.

2.7. Characterization techniques

X-ray Diffraction (XRD) patterns were collected with an Ultima IV
type II diffractometer (Rigaku) and a D8 Discover A diffractometer
(Bruker) equipped with a LynxEye detector, both utilizing mono-
chromatic Cu-Ka radiation (A = 1.5418 A and A = 1.5406 f\, respec-
tively). Scans were conducted in the 26 range of 2°-50° with 0.02°
increments and a scan rate of 2°/min. Fourier Transform Infrared (FTIR)
spectra of the solids were collected using a Nicolet Protégé 460 spec-
trometer via the KBr pellet technique. Whereas FTIR spectra of the films
were recorded on a FTIR-ATR PerkinElmer Spectrum Two. Both exper-
iments covered the 4000-400 cm ™! spectral range, with a resolution of
4 cm™! and 40 scans for each sample. Thermogravimetric analyzes
(TGA) of MIL-100(Fe) and S@MIL-100(Fe) were performed using a
TGA/DSC 1 STAR system (Mettler Toledo) over a temperature range of
25-600 °C, with a ramp of 5 °C/min and a flow rate of 100 mL/min of
oxygen or nitrogen, respectively. Raman spectra were measured with an
alfa 500 confocal Raman spectrometer (WITEc GmbH, Ulm, Germany)
using a frequency-doubled Nd:YAG laser (second harmonic generation)
at 532 nm for excitation, focused with a 20 x /0.4 Zeiss objective. The
Raman spectrum of MIL-100(Fe) was collected using a 600 g/mm
diffraction grating and an integration time of 20 s by accumulating a
total of 10 spectra and a laser power of 4 mW measured in front of the
lens in the range of 400-2000 cm ™', Whereas the Raman spectrum of the
S@MIL-100(Fe) composite was collected using a 600 g/mm diffraction
grating and an integration time of 10 s by accumulating a total of 10

spectra and a laser power of 1 mW, which was measured before the lens
in the range of 100-700 cm™!. X-ray photoelectron spectroscopy (XPS)
spectra were collected using a VG Microtech ESCA spectrometer with a
non-monochromatic Al K, radiation source (300 W, 15 kV, hv = 1486.6
eV), combined with a VG-100-AX hemispherical analyzer operating at
25 eV pass energy. The instrumental resolution was 0.1 eV. All the XPS
spectra were calibrated with the C 1s peak at 284.6 eV as reference to
rule out any possible spectral shift due to charging effects. The chamber
pressure was kept at <10~° Torr during the measurements. Data analysis
was performed using CasaXPS software. The textural properties of the
MIL-100(Fe) and S@MIL-100(Fe) were investigated by Ny adsorp-
tion—desorption isotherms at liquid nitrogen (N3) temperature (77 K)
with a Micromeritics ASAP 2020 system. The specific surface area and
the total pore volume of these solids were determined by the Brunauer-
Emmett-Teller (BET) method [43] and the Gurvich rule [44] at p/pg =
0.98, respectively. The pore size distribution was calculated using the
density functional theory (DFT). The morphology of synthesized mate-
rials was studied using a LEO1450VP electron microscope equipped
with an EDS/EDAX probe for microanalysis, and a JEOL JSM-7800 F
with an X-ACT detector. Powdered samples were spread onto sample
holders using graphite tape and metallized with a thin layer of gold via
sputtering to increase the surface conductivity and prevent calcination
due to electron beam irradiation. Additionally, post-mortem SEM im-
ages were taken from the electrode of the cell cycled at 0.5C, previously
disassembled into a glovebox and immediately washed in a mixture of
DOL:DME solvents and put into a vacuum glass oven at 50 °C for 72 h.

3. Results and discussion
3.1. Characterization of MIL-100(Fe)

The MIL-100(Fe) is a rigid MOF composed by oxo-centered trinuclear
Fe(IIl) clusters and 1,3,5-benzenetricarboxylate (BTC*) as the ligand
[41,45,46]. This MOF has two different mesoporous spherical cages,
with approximate diameters of 25 and 29 A, interconnected by
pentagonal and hexagonal windows of ~5 A and ~8.6 A, respectively
[45]. Considering the results of the DFT theoretical study [47] that re-
ported the largest dimension of the sulfur ring (Sg) as ca. 6.88 A,
MIL-100(Fe) can be considered a suitable host for both Sg and poly-
sulfides, since its structural features are compatible with the insertion of
sulfur species, at least into the bigger mesoporous cavities, as depicted in
Fig. 1. Molecular graphic representations and analysis were conducted
using ToposPro 5.5.2.0 [48] and MERCURY 2.3 [49] software programs.

The excellent correlation between the experimental XRD pattern of
the synthesized solid and the simulated pattern for the MIL-100(Fe)
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MOF [39] confirmed the obtaining of the desired structure with high respect to the pre-activated solid, confirming the robustness of MIL-100
crystallinity and purity (Fig. 2a). The XRD pattern of the solid showed no (Fe) structure [39] during thermal treatment (Fig. S1). The FTIR spec-
shifts in reflection positions nor the emergence of new peaks with trum of the synthesized solid, presented in Fig. 2b, shows the
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characteristic vibrational modes of the MIL-100(Fe) structure: (1) bands
attributed to the carboxylate groups of the 1,3,5-benzenetricarboxylate
anions [50,51], with v,sC-O at 1630 cm L, vsC-O at 1450 em™!, and
vsC-0 at 1380 cm’l; (2) sharp bands at 759 and 711 cm! corresponding
to the C-H bending vibrations of benzene [52,53]; and (3) a signal under
650 cm ! assigned to the v,5 (Fe3O) mode [54,55] of the oxo-centered
iron(III) PBUs. The Raman spectrum of MIL-100(Fe) in Fig. 2c is iden-
tical to that previously reported in the literature [52], which also con-
firms the correct synthesis of MIL-100(Fe) as evidenced by the XRD
characterization. The Ny adsorption-desorption isotherm of MIL-100
(Fe), Fig. 2d, exhibited a mixed I/IV type [52,56], without an evident
hysteresis loop [52], very similar to those reported in different studies
for materials with the MIL-100(Fe) structure [57-59]. The specific sur-
face area and total pore volume values were within the range reported
for the MOF MIL-100(Fe) [41]: 1961 m?/g and 0.836 cm®/g, respec-
tively. The pore size distribution, calculated by the DFT method and
presented in Fig. 2e, shows that more than 90 % of these values origi-
nates from micropores, indicating that this material is predominantly
microporous in nature. Hence, these results suggest that the synthesized
MIL-100(Fe) has adequate textural properties to potentially serve as a
sulfur-host material, consistent with the structural features illustrated in
Fig. 1. The TGA plot of MIL-100(Fe) in Fig. 2f shows three stages of
weight loss occurring between 30 and 600 °C under O, flow: (i) initial
weight loss (~3 %) up to 100 °C attributed to free HyO, (ii) subsequent
weight loss (~10 %) between 100 and 310 °C associated with H,O co-
ordinated to the iron-based trimmers, and (iii) final weight loss (~50 %)
related to the combustion of H3BTC, giving residual Fe,O3 [60].

3.2. Characterization of S@MIL-100(Fe) composite

The XRD pattern of the S@MIL-100(Fe) composite (Fig. 3a) does not
show the characteristic peaks of the orthorhombic structure typical of
pristine sulfur, which is the structure in which sulfur crystallizes by the
melt diffusion method [61-64]. This discrepancy may arise from sulfur
completely infiltrating the pores of the material, with no sulfur present
on the surface of the material [64-66]. This behavior has already been
previously reported for S@MIL-100(V) [13] and S@MIL-100(Cr) [23]
composites prepared via the melt diffusion method. The decrease in
intensity or disappearance of low-angle reflections in MIL-100(Fe) XRD
patterns has been observed in nanocrystalline MIL-100(Fe) materials
[67], as well as in several MIL-100(Fe)-based composites [68-70]. The
S@MIL-100(Fe) composite was also analyzed by FTIR (Fig. 3b). After
sulfur impregnation, the vibrational modes of MIL-100(Fe) continue to
be observed (Fig. 3b); these bands maintain their intensity, indicating
the absence of sulfur on the surface of MIL-100(Fe) [71]. Furthermore,
the characteristic bands of pristine sulfur do not appear in the
S@MIL-100(Fe) composite, further confirming the absence of sulfur on
the surface [64]. This finding aligns with previous XRD results. Addi-
tionally, the bands corresponding to sulfur are absent in the Raman
spectrum of S@MIL-100(Fe) (Fig. 3c). This absence is consistent with the
inference drawn from XRD and FTIR analyses that sulfur has fully
infiltrated into the pores of the MOF [72]. Using TGA measurements in
an inert Ny atmosphere, the sulfur content in the S@MIL-100(Fe) com-
posite was evaluated (Fig. 3d). Thermal treatment in Ny of MIL-100(Fe)
and the composite S@MIL-100(Fe) produce a loss of 51 % and 75 %,
respectively. By performing mathematical calculations using equation
(1), it was determined that the composite is composed of 51 % S and 49
% MIL-100(Fe) by weight. Sulfur is lost at a higher temperature
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Fig. 5. SEM images of (a) MIL-100(Fe) and (b) S@MIL-100(Fe), along with
elemental mapping of C (red), S (yellow), Fe (blue), and O (green) in the
S@MIL-100(Fe) composite. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

compared to pristine sulfur because, as previously elucidated, it is
located inside the pores of the MOF [42].

xa+ (Ix)b=c (€8}

Where x is the sulfur content in S@MIL-100(Fe), then the content of
MIL-100(Fe) is 1-x. While, a, b and c are the weight loss of pristine
sulfur, MIL-100(Fe) and S@MIL-100(Fe), respectively. The theoretical
sulfur content that can be incorporated within the porosity of the ma-
terial is related to its pore volume, as per equation (2). A theoretical
sulfur loading of 63 % by weight (Ws(%)) is calculated for a total pore
volume of 0.836 cm®/g, slightly exceeding the experimental value of 51
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%. This discrepancy confirms that all the sulfur is indeed found within
the pores of the material, thereby validating the deductions drawn from
XRD, Raman and FTIR analyses [73].

| psV
Ws (%) V= [pisv_"_l}xloo (2

where ps is the theoretical density of sulfur (2.07 g/cm®) and V is the
pore volume of the matrix.

The XPS spectra of MIL-100(Fe) and S@MIL-100(Fe) are shown in
Fig. 4. As observed in Fig. 4a, the spectrum of S@MIL-100(Fe) presents a
distinct single signal not observed in the pristine material, MIL-100(Fe),
specifically, the signal of S (2s and 2p). The Fe2p spectrum (Fig. 4b), as
well as the CIs and OIs spectra (Fig. S2), reveal chemical environments
consistent with those reported in the literature for MIL-100(Fe) [52,60].
The Fe 2p;,2 and the Fe 2ps,» was centered at 724.2 and 710.8 eV,
respectively. The fitted peaks located at 710.6, 714.4, 723.4 and 726.8
are attributed to Fe(IIl). Peaks at 718.1 and 730.1 eV represent the
shake-up satellites of Fe(IIl) [60,74]. The Cls spectrum was deconvo-
luted into three peaks: peaks at 284.6 and 288.5 eV, corresponding to
electron binding energies in the phenyl and carboxyl groups, respec-
tively, and the peak at 286.1 eV corresponding to carbon on the surface
[75]. Furthermore, as can be seen, the environment of each of the ele-
ments is maintained for the S@MIL-100(Fe) composite, indicating that
the synthesis of the compound via melt diffusion does not modify the
chemical environment of the pristine MOF. The S2p spectrum, Fig. 4c,
shows four components associated with two chemical environments:
one corresponding to S-S bonds and the other to S-O bonds, situated
around 164-166 eV and 167-170 eV, respectively [76].

The nitrogen adsorption-desorption measurements of the composite
material are shown in Fig. S3. The composite isotherm is type II ac-
cording to IUPAC, indicating characteristics typical of non-porous solids.
The surface area and total pore volume values of S@MIL-100(Fe) com-
posite decrease with respect to the pristine MIL-100(Fe), confirming the
successful infiltration of sulfur into the MIL-100(Fe) porosity, as previ-
ously deduced by Raman and XRD analyses. Upon observing the pore
size distribution in the inset of Fig. S3, it become evident that sulfur has
been incorporated into the microporosity of MIL-100(Fe). The synthe-
sized MIL-100(Fe) and S@MIL-100(Fe) composite both were examined
by scanning electron microscopy (SEM), revealing crystals with a broad
size distribution. While the morphology of the MOF appeared somewhat
irregular, some crystals exhibited the typical octahedral morphology
characteristic of MIL-100(Fe) (dimensions = ~5 x 2 pm) (Fig. 5a) [52].
In Fig. 5b, it is evident that the octahedral morphology is maintained in
the S@MIL-100(Fe) composite, indicating that the synthesis via melt
diffusion did not alter the morphology of the pristine MIL-100(Fe) [38].
Elemental mapping of the S@MIL-100(Fe) composite (Fig. 5¢—f) showed
uniform distribution of the elements S, C, Fe and O. This result indicates
successful and homogeneous impregnation of the MOF with sulfur.

3.3. Electrochemical properties of S@MIL-100(Fe) composite

3.3.1. Li-S batteries

The electrochemical properties of the S@MIL-100(Fe) were charac-
terized by electrochemical impedance spectroscopy (EIS), cyclic vol-
tammetry (CV), and galvanostatic discharge/charge measurements. CV
curves were recorded at different scan rates. The curve obtained at a rate
of 0.4 mV/s presented in Fig. 6a shows the typical profile for the elec-
trochemical reaction between S and Li, featuring two reduction peaks at
2.38 and 2.00 V, corresponding to the formation of long-chain (Sg/Li2Sx;
4 < x < 8) and short-chain (Li»Sx/Li»S>) polysulfides, respectively [77].
Curves recorded at different rates are shown in Fig. 54, and these were
employed to calculate the diffusion coefficient of Li" ions, Dy;, using
the Randles-Secvik equation (equation (3)).
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3F3
Do = 0.4463 (
RT

)AC(DU)'/Z 3)

where I.q is the peak current intensity, n is the number of electrons
involved in the electrochemical reaction, F is Faraday’s constant
(96,485 C/mol), R is the gas constant (8.314 J/K-mol), T is the tem-
perature (298.15 K), A is the electrode area (1.327 cmz), C is the con-
centration of Li T ions in the electrode (mol/cms), and D is the diffusion
coefficient (cm?/s).

We have not found reported Dy; . calculations for pristine MOFs or
MOF composites. Instead, calculations have only been found for a de-
rivative of the MOF, which reports diffusion values similar to those of
the present work (Fig. 6b) [77]. EIS measurements show that the
S@MIL-100(Fe) composite exhibits superior transport properties
compared to other MIL-100s, such as MIL-100(V) or Mn-MIL-100 [13,
38]. This Nyquist plot can be represented by the equivalent circuit
indexed in Fig. 6¢. In the high-frequency zone, the electrolytic resistance
(Re) can be observed. In the medium-high frequency zone, a defined
semicircle is observed, which correspond to the charge transfer process
and the formation of the solid electrolyte interphase (SEI) on the surface
of the electrode (RctQ). In the low-frequency zone, a semi-infinite in-
clined line is observed, associated with a Warburg element (W) [78,79].
As can be seen, the main change occurs in the value of Ret before and
after the CV; this decrease is due to the increase in electronic and ionic
transfer at the electrolyte/cathode interface during cycling, leading to
microstructural changes in the cathode [80]. The resistance values are
shown in Table S1.

Galvanostatic measurements of the S@MIL-100(Fe) composite were
carried out between 0.1C and 2C within a voltage window of 1.7-2.8 V.
The discharge curve profile in Fig. 7a shows the two typical plateaus
characteristics of the LSBs: the first, located at 2.4 V, corresponding to
the solid-liquid reaction involving the opening of the Sg ring and the
formation of long-chain LPSs (Li3Sx, 4 < x < 8), while the second, at 2 V,
is associated with the liquid-solid reaction leading to the formation
short-chain LPSs (LiySs and LisS), as shown in the CV curves [81]. From
these curves, the polarization was calculated by considering the average
voltage of each of the charge and discharge curves. To obtain this
average voltage, the area under the curve (dV/dq) was calculated for
both charging and discharging, over the maximum capacity (qgmax). The
hysteresis values increase with the current rate of 0.18 and 0.37 V
(Fig. 7b); these values are lower than those of other carbonaceous ma-
terials [42,82]. The galvanostatic cycling of the S@MIL-100(Fe) elec-
trode at currents increasing from 0.1C to 2C in order to evaluate the rate
capability of the electrode is shown in Fig. 7c. Predictably, the capacity
decreases as the current density increases, dropping from 450 mA h/g at
0.1C to 300 mA h/g at 2C. Notably, the electrode demonstrates great
stability, with minimal capacity loss despite increased current. Upon

returning to 0.1C, the capacity fully recovers, which shows the great
response of the material when subjected to stress.

To study the electrochemical stability of the S@MIL-100(Fe) com-
posite, prolonged galvanostatic cycling was carried out at two different
rates: 0.5C and 2C. At a moderate rate of 0.5C, three different perfor-
mance zones can be distinguished, as shown in Fig. 7d: (i) from cycle 1 to
375, labeled as “Zone I”, where the main degradation of the electrode
occurs and the decay rate values are at 0.12 %; (ii) from cycle 375 to
1000, labeled as “Zone II”, exhibiting greater stability with the decay
rate decreasing to 0.045 %; and finally, (iii) until cycle 3000, labeled as
“Zone III”, where the electrode shows an ultra-stable behavior, reducing
the decay rate to values of 0.021 %. With respect to the coulombic ef-
ficiency, the ratio between the discharge and charge capacity remains
close to 100 % throughout the cycling, indicating low diffusion of LPSs.
However, when increasing the rate to a high 2C, a decrease in capacity is
observed (Fig. 7e), consistent with findings of the rate capability test. In
this case, two performance zones emerge: (i) the initial zone, lasting
until cycle 750, labeled as “Zone I”, where the main degradation of the
electrode occurs, with a loss rate of 0.041 %, as observed from the 0.5C
test, and (ii) the subsequent zone, extending until cycle 3000, labeled as
“Zone II”, characterized by an ultra-stable behavior with a very low loss
rate of 0.016. The coulombic efficiency also remains close to 100 %. As
illustrated in Fig. S5, neither the metal-organic structure nor the metal
center contributes electrochemically in LSBs. The excellent performance
can be attributed to the synergistic effects of the highly microporous
structure of MIL-100(Fe), which provides an ideal matrix for confining
polysulfides, and the strong interactions between Lewis acidic Fe(III)
center and the polysulfide base [83]. These interactions significantly
slow down the migration of soluble polysulfides out of the pores, leading
to the excellent cycling performance of S@MIL-100(Fe) composite.

If we compare these data with the MIL-100 MOF used as cathode
matrices in LSBs (Table S2), it’s evident that the results are significantly
improved. The number of cycles reached in the literature does not
exceed 300 cycles, compared to the 3000 achieved in the present study.
This greater stability is also reflected in the values of the decay rate per
cycle, obtaining lower values with respect to what was observed among
other similar materials. Electrochemical tests conducted on other ma-
terials based on the MIL-100 MOF have typically been performed at low
current densities of 0.1C, in contrast to the present study, which has
reached moderate to high rates of 0.5C and 2C.

This stability is due to the great capability of the material to trap LPSs
generated during the cycle. To analyze this property, an adsorption
measurement of polysulfides, specifically Li»Se, was carried out in the
glove box. Fig. S6 shows the images of the pristine Li»S¢ solution and the
mixed solution of the same polysulfide with the MIL-100(Fe) MOF at two
time points: at 0 h (t =0 h) and at 2 h (t = 2 h). As can be seen, after 2 h,
the solution undergoes discoloration upon mixing, while the pristine
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Fig. 7. (a) Galvanostatic charge/discharge curves, (b) polarization voltages calculated from the charge/discharge profiles, (c) rate capability at different current
rates (sulfur loading of 1.3 mg/cmz), (d) and (e) long-term discharge capacity values of S@MIL-100(Fe) as a function of the cycle number at current rates 0.5C and 2C

with a sulfur loading of 1.1 mg/cm? and 1.5 mg/cm?, respectively.

solution maintains its original yellow color, characteristic of the long-
chain polysulfide. To certify that this discoloration is due to the
adsorption of said polysulfide, the UV-Vis spectra of both the pristine
solution and the mixed solution was recorded after 2 h, as shown in
Fig. S6. From this figure, it evident that the adsorption band at 420 nm
corresponding to LisSe disappears. These results confirm the good
adsorption properties of MIL-100(Fe), which are attributed to two

factors: (i) physical confinement associated with its high specific surface
area, large volume of micropores, and well-defined structure, and (ii)
chemical interaction of the Lewis acid center Fe(Ill) with the poly-
sulfides [83]. The integration of findings from FTIR, XPS, XRD, and
Raman analyses conducted on both MIL-100(Fe) and S@MIL-100(Fe),
combined with insights from the LiyS¢ adsorption test, enable us to
suggest the pivotal role of Fe(III)-CUS centers in trapping polysulfides,
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Fig. 8. (a) Rate capability at different current rates, (b) galvanostatic charge/discharge curves in cycle 25 at 0.1C rate, (c) galvanostatic charge/discharge curves in
different cycles at 0.2C rate, and (e) long-term discharge capacity values as a function of the cycle number at current rate of 0.1C for S@MIL-100(Fe) with a sulfur

loading of 0.8 mg/cm?.

as depicted in the scheme from Fig. S8.

In the literature, it is not common to find images depicting the
morphology of the cathode material based on MOF matrices. As a nov-
elty, this article demonstrates that such morphology is maintained even
after the cathode mixture is prepared, as illustrated in Fig. S7a. Addi-
tionally, the SEM image of the electrode cycled at a rate of 0.5C, as
shown in Fig. S7b, reveals that despite undergoing 3000 cycles, the
electrode exhibits minimal cracking, thus preventing the formation of
dead zones of active material.

3.3.2. RT Na-S batteries

To demonstrate the material’s ability to be a sulfur cathodic matrix,
the behavior of MIL-100(Fe) in sodium-sulfur batteries has also been
studied. The electrochemical study involved galvanostatic measure-
ments of the S@MIL-100(Fe) composite at rates between 0.05C and 2C
within a voltage window of 0.8-2.8 V. To study the performance of the
S@MIL-100(Fe) electrode at different current densities, the so-called
rate capability was conducted, exposing the electrode to rates ranging
from 0.05C to 2C (Fig. 8a). The specific capacity decreases from 300 mA
h/g at 0.05C to 50 mA h/g at 2C. Upon returning to a current of 0.05C,

10

the capacity of the electrode returns to the initial values, which dem-
onstrates its good response to stress. As previously demonstrated, all the
sulfur is housed within the pores of the MIL-100(Fe) MOF, preventing
direct contact between the sulfur and the solvent. Consequently, the
reactions that take place involve conversion reactions within a quasi-
solid state, eliminating the formation of long-chain sodium poly-
sulfides, with the formation of reaction intermediates taking place in a
solid state. This accounts for the typical profiles observed in quasi-solid-
state reactions, as depicted in Fig. 8b [84,85]. This reaction mechanism
is based on the hindrance posed by solvent molecules in accessing the
microporosity of the material. Consequently, the polysulfide byproducts
cannot dissolve and exit these micropores. Thus, this porous environ-
ment facilitates the reaction to occur in a quasi-solid state [26] (see
Table 1).

The electrochemical stability of the electrode in RT Na-S batteries
was studied at two different rates, 0.1C and 0.2C. At 0.1C rate, two
performance zones can be distinguished, similar to what occurred in
Li-S batteries (Fig. 8d): a first zone extending until cycle 300, “Zone I’,
with a loss of capacity per cycle of 0.113 %, and a second zone extending
until cycle 2000, “Zone II”, where stabilization is much greater, with a
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Table 1
Capacity retention (mAh/g) and decay rate per cycle (mAh/g and %) calculated
in the different zones for 0.5C and 2C rate in LSBs.

Region Initial capacity Capacity retention Decay rate per
(mAh/g) (mAh/g) cycle
(mAh/ (%)
8)
0.5C rate
Global 621 139 0.161 0.026
Zone I 621 344 0.738 0.119
Zone II 344 246 0.157 0.045
Zone III 245 139 0.053 0.021
2C rate
Global 233 102 0.044 0.019
Zone 1 233 161 0.096 0.041
Zone II 161 102 0.026 0.016
Table 2

Capacity retention (mAh/g) and decay rate per cycle (mAh/g and %) calculated
in the different zones at 0.1C in RT Na-S batteries.

Region Initial capacity Capacity retention Decay rate per
(mAh/g) (mAh/g) cycle
(mAh/ (%)
)
0.1C
rate
Global 288 147 0.071 0.024
Zone 1 288 190 0.327 0.113
Zone II 190 147 0.025 0.013

loss per cycle of only 0.013 %. Detailed cyclic stability data are shown in
Table 2. Doubling the rate to 0.2C, as shown in Fig. 8c, demonstrates the
maintenance of this high stability, with the capacity decreasing only by
6 mA h/g from cycle 300 to cycle 800. Regarding the coulombic effi-
ciency, as expected due to the absence of long chain polysulfides, it
remains close to 100 % throughout the cycling at both current densities.

4. Conclusions

This study aimed to assess the MIL-100(Fe) MOF as an unprece-
dented sulfur cathodic host for both Li-S and Na-S batteries. A com-
posite material based on sulfur hosted in MIL-100(Fe) was obtained. As a
new finding, this paper illustrates that the morphology typical of the
pristine MOF remains unchanged even after the preparation of the
cathode mixture. This composite exhibited a remarkable capacity
retention throughout an ultra-long cycling when utilized as a cathode of
both Li-S and RT Na-S batteries. Specifically, after 3000 cycles at 2C in
Li-S cells, the capacity decreased by only 0.044 mA h per cycle. Simi-
larly, when examining RT Na-S cells, the capacity remained stable with
a loss of less than 0.08 % over 2000 cycles at 0.01C-rate. This stability
can be attributed to the great and regular porosity of the MIL-100(Fe)
structure along with the active sites that have affinity with soluble
polysulfides. Thus, the excellent textural properties of the MIL-100(Fe)
host, characterized by its high surface area, enables trapping of inter-
mediate polysulfides. Moreover, active centers, especially Fe'l' CUS,
generated through thermal activation under vacuum, act as Lewis acidic
sites with strong affinity for soluble polysulfides of basic nature. Overall,
the use of MIL-100(Fe) as sulfur-host inhibits the migration of poly-
sulfides to the electrolyte and thus the shuttle effect and loss of active
material. Comparing MIL-100 MOFs utilized in Li-S batteries in the
literature, our work represents a significant advancement. Previously,
MIL-100 materials have been tested for fewer cycles, typically not
exceeding 300 cycles. In contrast, our MIL-100(Fe) has been tested for
3000 cycles, demonstrating notable stability throughout the entire
cycling process. The SEM image of the electrode cycled at 0.5C for 3000
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cycles shows minimal cracking, preventing the formation of inactive
zones. Furthermore, previous studies on MIL-100 materials have typi-
cally utilized low current densities, maxing out at 0.1 C. In our study,
MIL-100(Fe) was tested at moderate to high rates of 0.5 and 2C. EIS
measurements revealed that the S@MIL-100(Fe) composite exhibits
superior transport properties compared to other MIL-100 variants
explored in previous studies. In addition, adsorption experiments com-
bined with UV-visible analysis demonstrated the MIL-100(Fe)’s efficacy
in anchoring LiySe. Also, the composite electrode showed structural
stability on prolonged cycling. Additionally, our research marks the first
utilization of a MIL-100 material in the RT Na-S system, also demon-
strating high stability at both 0.1C and 0.2C rates. Overall, these findings
underscore the potential of MIL-100(Fe) as a promising cathodic host for
Metal-Sulfur batteries, offering superior capacity retention, which is
crucial for enhancing battery performance and longevity. Future
research should aim to corroborate the precise mechanisms involved
during the galvanostatic charge and discharge of sodium-sulfur cells.
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