#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

From pollution to energy storage: leveraging
hydrogen sulfide with SU-101 cathodes in lithium—
sulfur batteriesy

i '.) Check for updates ‘

Cite this: J. Mater. Chem. A, 2024, 12,
32735

Raul A. Marquez, ©*2 Juan L. Obeso, & 1°¢ Rinish Reddy Vaidyula, @ 12
Valeria B. Lopez-Cervantes,® Ricardo A. Peralta, @< Pablo Marin Rosas,®
José Antonio de los Reyes,® C. Buddie Mullins ©*29 and Ilich A. Ibarra @ *b"

Despite growing interest in developing metal—organic frameworks to capture toxic emissions, the potential
for revalorizing these emissions has largely been overlooked. Captivated by the unique ability of SU-101 to
transform H,S into polysulfides spontaneously, here we demonstrate how this remarkable capability can be
leveraged to power lithium—sulfur batteries. Our proof-of-concept demonstrates how hydrogen sulfide
emissions, efficiently captured by the SU-101 metal-organic framework, can be directly converted and
utilized in a lithium—sulfur battery. Despite demonstrating a modest initial capacity of about 85 mA h g™t
and capacity retention of approximately 54%, analogous to other MOF-based Li—S batteries reported in
the literature, the SU-101-Sat cathode delivered a durable and stable performance across 1000 cycles
and maintained 99.87% coulombic efficiency. The stable response is credited to the controlled release of
polysulfides generated from captured hydrogen sulfide. Such resilience is advantageous for developing

compact batteries for extended use in special applications, including wearable technology, satellite
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Accepted 11th June 2024 components, and weather monitoring instruments. These findings open new pathways for waste
valorization by employing metal-organic frameworks designed to spontaneously convert toxic gas

DO 10.1035/d4ta03620d emissions into valuable feedstocks, serving as potential candidates for more sustainable electrochemical
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Introduction

Air quality is an important environmental concern.” In addition
to greenhouse gases, carbon monoxide (CO), ozone (O3),
ammonia (NHj3), sulfur dioxide (SO,), volatile organic
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energy conversion and storage devices.

compounds (VOCs), particulate matter (PM), and hydrogen
sulfide (H,S) represent some of the most predominant and
hazardous air pollutants.> H,S is a colorless, flammable gas,
particularly corrosive (i.e., H,S is associated with acid rain), and
is cataloged as a hazardous chemical. H,S is frequently found in
biogas and natural gas and is produced by different chemical
processes at industrial levels, such as in oil refineries.?

H,S is highly toxic to humans since it can be rapidly absor-
bed through inhalation,* causing illnesses of the respiratory,
cardiovascular, and nervous systems, and specifically, it is
related to laryngitis, pneumonia, bronchitis, and pulmonary
edema.’ Even at relatively low concentrations, H,S is lethal,
causing severe nervous system failure.® Therefore, the effective
sequestration of H,S is crucial for numerous industrial proce-
dures before it is released into the atmosphere. Despite recent
advances in H,S capture, current technologies (e.g., alkanol-
amines, ionic liquids, cryogenic sequential distillation, and
physisorption in zeolites, activated carbons, and metal oxides)
have encountered difficulties such as corrosion of pipelines,
large amounts of wastewater, low capture and recovery of H,S,
and high costs of re-use.” Furthermore, there is a pressing need
to develop further waste valorization strategies for exploiting
these captured emissions.
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Chemically-stable metal-organic frameworks (MOFs) have
recently been investigated for the efficient capture of H,S, and
promising results have been reported.®* However, once H,S is
captured (by a reversible physisorption process) in MOFs, what
steps are needed to convert H,S chemically to a different inert
chemical molecule? Catalytic conversion of H,S within MOFs is
a novel concept that was only recently demonstrated. Our
research group reported the spontaneous chemical trans-
formation of H,S inside the micropores of MOFs to generate
polysulfides in situ at room temperature and atmospheric
pressure.’ Based on this premise, we conceive a significant
potential for the use of MOF adsorbents containing irreversibly
chemisorbed sulfur species (polysulfides) as feedstocks for
electrochemical energy conversion and storage technologies,
such as sulfur-based batteries.*

Lithium-sulfur (Li-S) batteries are promising candidates for
the next generation of energy storage systems due to their high
theoretical capacity, low cost, and environmentally friendly
fabrication.™ Li-S batteries show promise for overcoming
dependence on fossil fuels, reducing exhaust emissions, and
paving the way to produce batteries for the next generation of
electric vehicles. Certainly, the commercial application of Li-S
batteries faces many different challenges, such as (i) poor
electrical conductivity of elemental sulfur and its final
discharge product of Li,S; (ii) large volume expansion of sulfur
during the lithiation process resulting in fast capacity decay;
(iif) diffusion of soluble polysulfide intermediates affording to
irreversible loss of active materials and corrosion of the lithium
anode and (iv) the use of a metallic lithium anode can produce
safety concerns due to the formation of uninhibited lithium
dendrites.” To solve these problems, different efforts have
focused on designing cathode materials, improving novel elec-
trolytes, adapting separators, and protecting the lithium
anode.”

Previous studies have utilized MOFs as potential cathode
materials for Li-S batteries, given their customizable pore and
cage structures and pore dimensions that can effectively
encapsulate sulfur.* Typically, the MOF material is calcined at
high temperatures (500-600 °C) and then subjected to sulfur
impregnation. Some materials, such as MIL-101(Cr)@rGO/S
(335 mA g h™" after 50 cycles),’ HKUST-1 (240 mA g h™" after
50 cycles),’* and Mn-MOF (190 mA g h™" after 50 cycles),"” have
demonstrated high reversible capacities. However, these
approaches have reported low cyclability, raising concerns
about the lifetime of sulfur-enriched MOF cathodes.

The decreased lifetime is often associated with the detri-
mental effects of polysulfide intermediates that shuttle between
the electrodes and react with the Li anode, resulting in the
depletion of active material and manifesting as a capacity decay
over time."®" Only a few MOFs have demonstrated effective
confinement of polysulfides through physical encapsulation
and chemical adsorption.'® Therefore, identifying the optimal
chemical compositions that can effectively suppress polysulfide
release is crucial. Furthermore, the additional calcination and
sulfur impregnation steps increase both the cost and energy
demand of the production process, factors that become critical
for commercialization and environmental valorization. To
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streamline synthesis and leverage the waste valorization
potential of MOF adsorbents, the intrinsic formation of poly-
sulfides following H,S adsorption presents new possibilities for
enhancing Li-S battery technologies.

Herein, we report a proof-of-concept strategy that leverages
MOF adsorbents designed to permanently capture toxic H,S,
repurposing them as feedstocks for electrochemical energy
storage applications. We show that cathodes containing SU-101
MOF (the polysulfide host) as the active material in a conven-
tional Li-S battery deliver modest capacities, high coulombic
efficiencies, and substantial cycling stability for 1000 cycles.
These results open promising avenues for using MOFs in
sustainable energy applications and waste valorization.

Experimental
Synthesis of SU-101 and H,S uptake

SU-101 was synthesized following a previously reported proce-
dure.” A total of 15 mg of ellagic acid and 38 mg of Bi(CH;CO5,);
were dissolved in 30 mL of water and acetic acid (6% vol. acetic
acid). First, the solution was stirred strongly at room tempera-
ture for 48 hours. Later, the recovered powder was washed three
times with water and ethanol. Subsequently, it was dried over-
night at 60 °C. H,S saturation experiments were conducted
using a custom-designed saturation chamber (Fig. S1f). A
detailed description of this procedure is available in the ESI.{

Material characterization

H,S adsorption measurements were conducted using an HP
5890 gas chromatograph. X-ray diffraction (XRD) patterns were
recorded using a Rigaku MiniFlex 600 diffractometer equipped
with a Cu Ka radiation source. Scanning electron microscopy
(SEM) images and energy-dispersive X-ray spectroscopy (EDX)
elemental maps were captured using a Thermo Scientific Apreo
2 microscope at a 10 kV accelerating voltage. Elemental mass
fractions were quantified through total-reflectance X-ray fluo-
rescence (TXRF) using an S2 PICOFOX spectrometer. XPS
characterization was carried out with a PHI VersaProbe 4
instrument using a nonmonochromatic Al Ko source (1486.6
eV) using the charge neutralizer. The base pressure of the
instrument was ~10-9 torr. High-resolution spectra were
collected over an analysis area of ~250 x 250 pm® using a pass
energy of 10 eV. Binding energy calibration was carried out
using the C 1s peak for adventitious hydrocarbons at 284.8 eV.
Data analysis was performed using CasaXPS software. The
spectral fitting parameters for the C 1s, O 1s, Bi 4f, and S 2p
peaks were adopted from previous studies.”**® Fitting compo-
nents were modeled using a combination of Gaussian (70%)
and Lorentzian (30%) profiles, denoted as GL(30) in CasaXPS,
and a standard Shirley-type baseline.

Electrode preparation and cell assembly

Battery performance tests were performed using LIR2032 coin-
type cells following previous cathode and electrolyte composi-
tions.*** For cathode preparation, slurries were prepared by
mixing 40 wt% of the MOF powder (~50 mg) with 50 wt% of

This journal is © The Royal Society of Chemistry 2024
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carbon black (Super P, TIMCAL) and 10 wt% of polyvinylidene
fluoride (PVDF) binder, for a total batch size of 125 mg. The
mixture was carefully dissolved in ~955 pL of N-methyl-2-
pyrrolidone (NMP, density: 1.03 g cm™®) and stirred over 80
minutes using a small magnetic stir bar within 10 mL glass
vials. The slurry was then spread onto aluminum foil current
collectors using a compact film coater (Xiamen Tmax Battery
Equipments Ltd, Model TMAX-TMH). Cathodes were cut into
discs with a diameter of 13 mm. The thickness of the film was
measured using a digital thickness gauge (Mitutoyo 543-400). A
typical cathode contained approximately 0.6 mg of active
material with a thickness of 8 pum, excluding the current
collector. Coin cells were assembled using the MOF-containing
cathode as the working electrode, lithium metal discs as the
counter electrode, and a polypropylene microporous separator
(Celgard 2400, thickness: 25 pm). The electrolyte (~300 pL)
consisted of a mixture of 1,3-dioxolane (DOL) and dimethoxy-
ethane (DME) in a 1:1 volume ratio, 1 M lithium bis(tri-
fluoromethane)sulfonimide (LiTFSI), and 0.2 M LiNOj. For
carbonate-based electrolyte tests, the electrolyte consisted of
a mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) in a 1:1 volume ratio, 1 M LiPFs as the supporting
electrolyte, and 10 vol% of fluoroethylene carbonate (FEC) as an
additive. Cell assembly was conducted inside an Ar-filled glo-
vebox (MBRAUN UNIlab 2000), maintaining O, and H,O
contents below 0.1 ppm.

Electrochemical measurements

Tests were conducted using a Gamry Reference 620
potentiostat/galvanostat. The open-circuit potential (OCP) was
measured 30 minutes before and after electrochemical
measurements. Cyclic voltammetry (CV) scans were conducted
within a potential window of 1.5 to 3.0 V vs. Li/Li" at a scan rate
of 0.1 mV s '. Electrochemical impedance spectroscopy (EIS)
measurements were conducted at stable OCP values at an AC
amplitude of 10 mV over a frequency range from 100 kHz to
0.5 Hz. Galvanostatic charge-discharge (GCD) cycling was con-
ducted by charging and discharging the cell at a constant
current of 0.18 mA (equivalent to a C/2 rate or 0.5 Ag™ ') between
1.5 and 3.0 V vs. Li/Li".

Results and discussion

Our previous study demonstrated that the SU-101(Bi) MOF
achieves a significant uptake of H,S (15.95 mmol g~ ') from an
N, mixture.?® This uptake exceeds that of other MOF adsorbents
such as MIL-47(V) (14.6 mmol g *)** and Ni-CPO (12.0 mmol
g71), and is comparable to other MOFs examined by our
group, including MIL-53(Al)-TDC (18.1 mmol g~ "), and MFM-
300(Sc) (16.5 mmol g~ ').° The high H,S uptake has previously
been attributed to the strong chemisorption of H,S, which
results in the formation of low-order polysulfides.*** Building
upon these reports, we synthesized samples of SU-101, satu-
rated them with H,S gas, and used them as the active cathode
material in Li-S batteries.

This journal is © The Royal Society of Chemistry 2024
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The powder X-ray diffraction (PXRD) pattern of the pristine
SU-101 MOF corroborates its phase purity (Fig. S21). Next, a SU-
101 sample was activated at 423 K for 10 h under vacuum (1.4 x
10~ torr), and the BET surface area was calculated at 414 m>
g ', These parameters are in good correlation with previously
reported characterization.* Two freshly synthesized samples of
SU-101 were exposed to concentrated H,S (approximately 1500
ppm) in our custom in situ adsorption system (Fig. S1t) at
different times. The first SU-101 sample was activated at 423 K
for 10 h under vacuum and exposed to H,S for 4 h (labeled as
SU-101-4h). H,S adsorption measurements reveal a complete
uptake of about 4.3 mL after 13 minutes (Fig. S31).

PXRD measurements were carried out to examine the
integrity of the crystalline structure after exposure to a diluted
H,S atmosphere (4.3 vol% H,S with 95.7 vol% of N,, approxi-
mately 50 000 ppm). The crystalline structure of SU-101 remains
largely unchanged after 4 h of exposure (Fig. S47), in line with
our previous findings.*® Another SU-101 sample was activated
(vide supra) and exposed to H,S for 12 h (labeled as SU-101-Sat).
Interestingly, the PXRD pattern indicates a significant change in
the crystalline structure, likely due to the amorphization of the
SU-101-Sat sample (Fig. S51). However, the SU-101-Sat sample
exhibits distinct diffraction peaks corresponding to the (220),
(111), (060), and (002) planes of the simulated SU-101 structure
and peak splitting at 28.7°.*7*® This amorphization phenom-
enon has been attributed to the de-coordination of the Bi-O
bonds, as previously observed for other MOF materials.?
Therefore, two different SU-101 samples were tested to compare
the Li-S battery performance: crystalline SU-101 (SU-101-4h)
and partially amorphous SU-101 (SU-101-Sat).

Elemental analysis conducted via TXRF revealed sulfur mass
fractions of 6.6 and 11.3% for the SU-101-4h and SU-101-Sat
samples, respectively (Fig. S6 and Table S1T). SEM images of
the Bi(m)-based MOF particles reveal agglomerates of approxi-
mately 15 um in diameter (Fig. 1a). A closer inspection of these
particles reveals a spike-like morphology (Fig. 1b), while EDX
elemental mappings reveal uniform bismuth, oxygen, and
sulfur distribution across the particles (Fig. 1c). Notably, the
EDX analysis confirms the presence of sulfur in the MOF
particles. Furthermore, the formation of polysulfides was
confirmed by Raman spectroscopy (Fig. S7t), with bands at 243
and 445 cm " assigned to S, and S,>~ species, respectively.?®

X-ray photoelectron spectroscopy (XPS) characterization was
conducted to examine the chemical composition and bonding
of the SU-101-Sat MOF. As shown in Fig. 2a, the XPS survey
reveals signals for C, S, O, and Bi, which align with the EDX
analysis. The C 1s, O 1s, Bi 4f, and S 2p regions were inspected
closely, and components were fit accordingly. The C 1s peak
exhibits clear components for C-C, C-H, C-OH, and O-C=0
functional groups (Fig. 2b), which are present in the building
unit of SU-101, ellagic acid.*® Furthermore, a small component
originating from the (C=0)-O-Bi interaction in the SU-101
MOF can be seen at ~291 eV.** The O 1s region also shows
components characteristic of ellagic acid and its interaction
with the metallic Bi center (Fig. 2¢). The main two signals are
caused by oxygen atoms in the carboxylic group interacting with
the Bi center, namely (C=0)-0O-Bi and (C=0)-0O-Bi at around
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Fig. 1 SEM images of the as-synthesized SU-101-Sat MOF at (a) low
and (b) high magnifications. (c) EDX mapping for Bi, O, and S elements
in the SU-101-Sat sample.

533.4 and 531.8 eV, respectively. Moreover, a contribution from
O-Bi-O bonds can be seen at approximately 530.3 eV.”* There
are no signals ascribable to adsorbed O, confirming the absence
of water molecules in the MOF.*

As shown in Fig. 2d, the Bi 4f region exhibits two asymmetric
peaks at 159.3 and 164.6 eV, corresponding to the Bi 4f;, and
4f;, peaks of Bi’" species with a spin-orbit splitting of
5.3 eV.”"** In contrast to the typical symmetric peaks of Bi,Os3,
the presence of a shoulder at higher binding energies is
attributed to the Bi-O-C interaction, typically seen in carboxylic
groups coordinating Bi**.?' Furthermore, a small component
was added at approximately 161.7 eV, attributed to terminal
sulfur atoms (n-S¢~ ') in polysulfide species.?*?>* Note, however,
that there are no additional peaks at higher binding energies,
which are typically ascribed to bridging S° species (-Sg-, ~163.9
eV), and oxidized products such as thiosulfate (167.2 eV), pol-
ythionate (168.2 eV), and sulfate (169.5 eV).>***? This result
suggests that sulfur is present as a short-chain polysulfide or
sulfide species in the SU-101-Sat MOF material after saturation.

Additional XPS analyses were performed on the pristine SU-
101 and SU-101-4h samples to examine the effects of H,S
saturation. The pristine sample exhibits a composition
featuring oxygen- and carbon-based functional groups similar
to those observed in the SU-101-Sat sample. Bismuth is
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predominantly involved in Bi-O-C interactions and has no
components related to sulfur species (Fig. S87). In contrast, the
SU-101-4h sample reveals a small contribution from an addi-
tional component attributed to terminal sulfur (Fig. S97).
Furthermore, the O-Bi-O component, absent in the pristine
sample, becomes more pronounced with increasing saturation
times (see Fig. 2d, S8d, and S9df). In contrast, the same
component in the O 1s region decreases in intensity (see Fig. 2c,
S8c, and S9ct). These results indicate that the Bi-O interaction
is likely affected by the incorporation of sulfur. It is also
conceivable that the O-Bi-O component in the Bi 4f region
might represent a combination of Bi-O and Bi-S interactions.
However, this is challenging to confirm due to the complex
overlap of Bi 4f and S 2p signals.

The interference between Bi and S species complicates the
analysis of sulfur interactions in the S 2p region. Therefore, we
also probed the S 2s region to determine the composition of
sulfur in the SU-101 MOFs. While the pristine SU-101 samples
exhibit no peaks in the S 2s region, both the SU-101-4h and SU-
101-Sat samples display clear signals, with the signal for the SU-
101-Sat sample being more intense (Fig. S10t). The peaks were
fitted into two components at approximately 225.8 and 227.8 eV.
Given that the S 2p and S 2s peaks are separated by about 64.0 £
0.2 eV,® the sulfur species data in the S 2p region (SO,>:
169.5 eV; SO 7: 166.8 eV; S,: 164.0 €V; —Sh—: ~163.9 €V; S,
162.9 €V; $*7: 161.9 eV; n-Sy ': ~161.7 V) enable us to assign
the observed components in the S 2s region.”******* More
reduced species are present at lower binding energies, while
more oxidized species appear at higher ones. Consequently, the
stronger component at the lower binding energy (~225.8 eV)
can be attributed to either terminal sulfur (n-Sy~", ~225.7 €V) or
S>~ (225.9 eV), while the less intense peak at higher binding
energy may correspond to either bridging sulfur (-Sj-, ~227.9
eV) or elemental sulfur (S,,, ~228.0 eV). Consistent with previous
studies,**?* these results suggest that sulfur within the MOF is
predominantly reduced, likely as short-chain polysulfides, with
only a small fraction of sulfur existing as S,, species.

Building on previous studies of SU-101,>'%?%%* and based on
the physical and chemical characterization results from this
study, we propose a reaction mechanism for the formation of
polysulfides (illustrated in Fig. S117). First, the SU-101 MOF is
activated by the removal of water molecules. Subsequently, H,S
molecules adsorb onto exposed Bi** sites. These coordinated
H,S molecules then undergo a dissociation step where protons
are removed. Given the proximity (3.78 A) between adjacent Bi**
sites, the sulfur atoms are oxidized, forming an S-S bond and
the concurrent release of H,. Finally, the resultant sulfur species
are released, completing the reaction cycle.

To evaluate the battery performance, we prepared cathodes
from SU-101 slurries (Fig. S12af) and paired them with Li metal
anodes to assemble coin cells (Fig. S12b¥). A detailed battery
composition checklist is shown in Table S2.1 Cyclic voltam-
metry tests were conducted to characterize the redox processes
of these MOF-containing Li-S batteries. The batteries
comprised an MOF-containing cathode encapsulated with
a separator and a Li metal anode in a commercial coin cell setup
(Fig. 3a). As shown in Fig. 3b, the cathodes containing the SU-

This journal is © The Royal Society of Chemistry 2024
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101 MOFs show clear reduction and oxidation signals. During
the reduction scan, sulfur species within SU-101-Sat reduce to
Li,S sequentially, transitioning through various polysulfide
intermediates. In the case of the SU-101-Sat, the cathode
exhibits multiple subtle peaks and plateaus between 2.5 and
1.9 V vs. Li/Li*, indicative of the transformation from Sg to
longer-chain intermediates (Li,S, where x = 4) at relatively
higher potentials and to shorter-chain intermediates (Li,S,
where x < 4) at lower potentials.'®*** These transformations
align with the XPS results (Fig. S107), suggesting that the initial
fraction of S, species is converted into intermediates during
cycling. A pronounced peak appears around 1.7 V, associated
with the strong confinement of sulfur within the partially
amorphous MOF (SU-101-Sat). The sharpness of this peak has
been attributed to strong chemical adsorption and rapid
conversion.**

During the oxidation scan, two peaks emerge at approxi-
mately 2.1 V and 2.5 V, corresponding to the gradual oxidation
of short-chain polysulfides back to longer chains and ultimately
to Sg.™ A pair of redox peaks, observed at around 2.8 Vand 2.9V,
exhibit some degree of reversibility and persistence over
successive cycles. These peaks, previously unreported in the
literature on MOF-based Li-S batteries,'***?® can be attributed
to the high potential polarization of polysulfide peaks influ-
enced by the interaction of the metal center (Bi(ur)) with poly-
sulfides of short length as also demonstrated by XPS.*”"**

Interestingly, the SU-101-4h cathode displays more subdued
redox signals, suggesting that the polysulfide intermediates

J. Mater. Chem. A, 2024, 12, 32735-32744 | 32739
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undergo gradual reactions, resulting in broader redox peaks
and extended plateaus.'® This diminished intensity might also
stem from less sulfur participating in the reactions, unlike the
SU-101-Sat cathode material, which was saturated with H,S for
an extended period, and the crystalline structure of SU-101 was
partially lost (Fig. S57).

The cycling performance of the MOF-containing cathodes
was further examined through galvanostatic charge/discharge
tests at a C/2 rate using an identical coin cell setup. Typical
potential versus time curves depicting the charge and discharge
profiles at a constant current were used to extract the capacity
for each cycle (Fig. S13f). The SU-101-Sat cathode exhibits
distinct plateaus aligning with the redox signals identified in CV
scans. The charge profile is characterized by a notable slope
change at approximately 2.1 V and a more pronounced plateau
at ~2.7 V, while the discharge profile presents a sharp slope
transition at ~2.7 V and a prolonged plateau below 1.9 V,
indicative of the sequential reduction of short-chain poly-
sulfides to insoluble Li,S.*®* As shown in Fig. 4a, this pattern is
also discernible when examining the charge/discharge profiles
based on the capacity after 100 cycles. The SU-101-Sat cathode
achieves the highest capacity at ~66 mA h g~*, followed closely
by the SU-101-4h cathode at ~48 mA h g~ *. As shown in Fig. 4b,
the cycling performance tests indicate an initial capacity
reduction for the SU-101-Sat cathode, which stabilizes after 80
cycles. In contrast, the SU-101-4h cathode demonstrates a more
consistent cycling performance. These observations suggest
that while the SU-101-Sat possesses a more abundant sulfur
content available for cycling, a portion is depleted during the
cycles until a stable composition is attained. On the other hand,
the SU-101-4h cathode contains a lower amount of sulfur
available, slightly below the stable composition threshold. The
decreased sulfur content accounts for the ~22% capacity
reduction compared to the SU-101-Sat cathode. Capacity
measurements over cycling show that both SU-101 composi-
tions (SU-101-4h and SU-101-Sat) maintain average coulombic
efficiencies of 99.88% and 99.76%, respectively, confirming the
reversibility of the Li-S battery (Fig. S147).

EIS analysis was conducted to study the influence of the
electrochemical processes on the ionic and electronic resistances
of the cells. Fig. 4c shows Nyquist plots for SU-101 cathodes (SU-
101-4h and SU-101-Sat), revealing distinct characteristics. A
modified equivalent circuit model was applied to derive param-
eters such as the ohmic resistance (R;), charge-transfer resistance
(Rct), double-layer capacitance (Cq;), and the Warburg impedance
(Zy) from the Nyquist plots (Table S3t). The R, values for the SU-
101-Sat and SU-101-4h cathodes after cycling are ~2.6 and ~6.8
Q, respectively, aligning with expectations for this electrolyte
composition.*™*® A similar pattern emerges for the R, values,
with the SU-101-Sat cathode demonstrating the lowest resistance
at 74.9 Q. Note, however, that the R, values increase slightly after
cycling, which can be attributed to the formation of Li,S, and
Li,S films on the cathode surfaces. These films act as barriers,
being ionically and electronically insulating.'® The intrinsic low
electrical conductivity of SU-101-4h and SU-101-Sat, coupled with
other polysulfide species dissolved in the electrolyte, further
explains this increase in R...'*** However, this increase does not
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Fig. 4 (a) Galvanostatic charge—discharge curves of the SU-101-4h
and SU-101-Sat cathodes after cycling at a C/2 rate (0.5 A g™
between 1.5 and 3.0 V vs. Li/Li*. Charge profiles are depicted with
dashed lines, while discharge profiles are depicted with dotted lines.
Arrows indicate the charge and discharge directions. (b) Capacity
decay tests of SU-101-4h and SU-101-Sat cathodes for 100 cycles.
Each sphere represents the capacity measured from one charge—
discharge cycle. (c) Nyquist plots after cycling performance tests
measured at the open circuit potential (OCP). The inset depicts the
equivalent circuit model used to fit Nyquist plots.

lead to complete battery failure after 100 cycles. Furthermore, the
data in Table S3} reveals that both SU-101-4h and SU-101-Sat
exhibit comparably similar Cq4 values, suggesting similar
surface areas, independently of the crystallinity grade of SU-101
(i.e., crystalline vs. amorphous). Finally, both cathodes experi-
ence increased Z, values after cycling, indicating higher resis-
tance towards Li ion diffusion and aligning with the R, trend
explained by the surface passivation of insoluble, short-chain
polysulfides. However, the SU-101-Sat cathode exhibits a lower
Z,, value, indicating decreased lithium ion diffusion resistance
compared to SU-101-4h.?®

This journal is © The Royal Society of Chemistry 2024
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Given the superior performance of the SU-101-Sat cathode
compared to SU-101-4h, we extended the cycling performance
tests to 1000 cycles. CV scans illustrate a marked decrease in
intensity for the reduction and oxidation peaks with prolonged
cycling, as depicted in Fig. 5a. The peak at ~1.7 V attributed to
confined sulfur decreases after cycling, indicating the
consumption of some initially retained sulfur within the
amorphous SU-101. Nonetheless, persistent redox signals
between 2.3 and 2.0 V denote the ongoing and reversible pres-
ence of intermediate polysulfide species during cycling. Fig. 5b
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Fig. 5 Extended cycling performance tests for the SU-101-Sat MOF
cathode: (a) cyclic voltammograms and (b) galvanostatic charge—
discharge profiles before and after 1000 cycles. (c) Cycling perfor-
mance plot showing the capacity on the left axis and the coulombic
efficiency on the right axis. Each sphere represents the capacity
measured during charge (blue) and discharge (black). Discharge and
charge profiles are plotted concurrently. Red spheres represent the
coulombic efficiency measured for each charge—discharge cycle.
Cycling was conducted at a rate of C/2 (0.5 A g~%) between 1.5 and
3.0 Vs. Li/Li*. Electrolyte: 1 M LiTFSI + 0.2 M LINO5 in DME: DOL 1:1
solvent.
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demonstrates that prolonged cycling of the SU-101-Sat cathode
results in a capacity reduction of approximately 52%. However,
charge and discharge plateaus remain distinctly visible. The
cycling performance curves shown in Fig. 5c reveal that most
capacity decay occurs in the initial 400 cycles without losing
coulombic efficiency until the coin cell achieves a stable
response (capacity: 34 mA h g~ %). Further EIS analysis (Table
S4t) reveals a slight increase in the R. and the Z, values,
aligning with the same trend observed after 100 cycles to the
formation of insulating films during cycling.

To evaluate the performance variability of cathodes prepared
in different batches, replicate experiments were conducted,
with the results included in the ESI (Fig. S15).1 Despite the
variation in capacity values, particularly in the initial capacity
(84.6 mA h g~' on average), all three cells displayed similar
decay patterns, resulting in an average final capacity of
45.6 mA h g~' after 1000 cycles, corresponding to an average
capacity retention of about 54%.

These findings suggest that an excess uptake of polysulfides
is initially consumed during the early cycles until a stable solid-
electrolyte interphase is formed. Although the SU-101-Sat
cathode exhibited an initial capacity decay, it ultimately ach-
ieved the highest final capacity and the lowest charge-transfer
and diffusion resistances compared to SU-101-4h. However,
both materials demonstrated satisfactory reversibility, main-
taining average coulombic efficiencies of about 99.8%. This
finding is attributed to the control over and release of poly-
sulfide species facilitated by the unique architecture and
chemistry of SU-101, which preserved the crystalline structure,
particularly achieving only partial amorphization. It is worth
noting that, in contrast to conventional practices, the sulfur in
the cathode is not deliberately introduced during synthesis.
Instead, it is sequestered by SU-101 from the spontaneous
transformation of H,S to polysulfides (at room temperature and
atmospheric pressure) and subsequently serves as the electro-
active element in the Li-S battery.

We also explored using carbonate-based electrolytes, which
require specialized sulfur cathodes designed to limit polysulfide
formation to short-chain species.”” Coin cells were assembled
using the configuration detailed in Table S2,T substituting the
ether-based electrolyte with a mixture of EC:DEC (1:1 in
volume) in 1 M LiPF, and FEC as an additive. Fig. S16+ illus-
trates the battery performance results of the SU-101-Sat cathode
operating with the carbonate-based electrolyte.

CV scans of the SU-101-Sat cathode in the carbonate electro-
Iyte are quite similar to those in the ether-based electrolyte
(Fig. S16at), particularly with notable peaks between 2.5 and
1.9 Vvs. Li/Li" attributed to the formation of shorter-chain sulfur
intermediates and the distinct peak at 1.7 V attributed to sulfur
confinement. However, the absence of an oxidation peak at 2.5V
suggests that the gradual oxidation of polysulfides back into Sg
was limited. Despite exhibiting similar ohmic resistance,
capacitance, and Warburg impedance values to those in the ether
electrolyte, EIS analysis reveals a significant increase in the
charge-transfer resistance when operating in the carbonate
electrolyte (Fig. S16b and Table S57). Cycling performance tests
for over 1000 cycles revealed a battery capacity nearly five times
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lower than that observed in the ether electrolyte. After an initially
higher discharging step (Fig. S16ct), the capacity quickly stabi-
lized around 7 mA h g~' (Fig. S16dt). Thus, despite a lower
experimental capacity, the SU-101-Sat cathode in the carbonate
electrolyte displays stable performance over 1000 cycles, with
a coulombic efficiency of 99.7%.

The abrupt drop in capacity and subsequent stabilization,
along with a significantly lower initial coulombic efficiency
(approximately 89.9%, see Fig. S16d+t), suggest that the cathode
material undergoes an initial chemical transformation that
drastically reduces the capacity in carbonate electrolytes. In line
with the observed increase in charge-transfer resistance and the
absence of a strong oxidation peak at 2.5 V, it seems that not all
sulfur intermediates participate in the reaction, and operation
in carbonate electrolytes restricts the battery's reversibility. The
chemistry and associated transformations in this environment
are beyond the scope of our study, and we encourage future
investigations to examine the interaction of carbonate electro-
lytes with MOF cathodes more thoroughly.

Finally, the capacity of the SU-101-Sat cathode
(45.6 mA h g~ ') is relatively modest compared to other examples
of Li-S batteries in the literature (Table S67). Although this
capacity does not set new records, the high cycle life and
coulombic efficiency over 1000 cycles offer a valuable opportu-
nity for creating low-energy batteries with long cyclability. These
batteries could be suitable for powering small portable devices,
satellite components, and weather station sensors.**** Hence,
this proof-of-concept Li-S battery not only showcases the
potential of MOF materials in capturing toxic gas emissions but
also demonstrates a successful example of sustainable waste
valorization and its successful application in electrochemical
energy technologies.

A major concern regarding the use of MOFs in energy tech-
nology applications is their economic viability and scalability.
Although there is a clear need for more robust and specific
techno-economic assessments in the future, using these specific
MOF materials could prove competitive for industrial applica-
tions. For instance, a bio-derived MIL-160(Al) MOF costs about
$55 per kg at a production scale of 100 tons per year, which could
be further reduced to $29.5 per kg at 1 kton per year.** The SU-
101 MOF is synthesized from ellagic acid, a linker abundant in
strawberries, raspberries, grapes, walnuts, pecans, and pome-
granates.**” Thus, a bio-derived SU-101 material could poten-
tially be synthesized at a large scale using a similar approach to
MIL-160(Al).>° Given the biocompatibility of ellagic acid and the
low toxicity of bismuth, the synthesis of bio-derived SU-101 offers
a competitive and environmentally friendly approach for
commercializing MOF-based technologies.

The waste valorization strategy proposed in our study offers
critical environmental benefits. A significant challenge with
adsorbent materials used for toxic gas capture is that they
merely transfer pollutants into a solid residue, failing to remove
them effectively from the environment.*® Our approach not only
captures H,S but also repurposes the resulting solid waste into
useful materials for energy technology applications, thereby
fostering a circular economy where materials are reused rather
than discarded, minimizing additional waste generation.*
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Furthermore, life cycle assessment (LCA) studies have enhanced
our understanding of the environmental impact of MOFs and
Li-S battery technologies. LCA studies have identified solvent
use during MOF synthesis as a critical hotspot for environ-
mental impact,*® particularly with organic solvents like DMF
and THF. In contrast, solvents like ethanol and methanol are
considered more environmentally friendly.*>** Our synthesis
approach for SU-101, which occurs in aqueous media, supports
the sustainability of our method.

Regarding the environmental impact of Li-S batteries, the
electricity source, cycle life, and specific energy density are critical
factors in the cradle-to-grave LCA impacts. The cyclability is
particularly relevant, as longer lifetimes mean cells need replac-
ing less frequently, which reduces environmental impacts across
all categories. The LCA study by Wickerts and coworkers assumes
a baseline of 1500 cycles, aligning closely with our reported life-
span of 1000 cycles, which is significantly higher than previous
studies (<500 cycles, see Table S67).>* Moreover, compared to
traditional Li-ion batteries, which often contain toxic metals like
nickel, cobalt, and manganese, Li-S batteries have a lower envi-
ronmental footprint.**** Given the proven biocompatibility and
lower toxicity of the Bi-based SU-101,* our approach is also ex-
pected to have a lower environmental impact than other
conventional battery technologies containing more toxic metals.

Following the demonstration of our proof-of-concept study,
we encourage the community to explore further the potential of
these promising materials in electrochemical energy storage
and conversion. There is a substantial opportunity to enhance
our understanding of battery performance, economic viability,
and the environmental impacts of waste valorization strategies
using toxic gas adsorbents and MOF-based cathode materials.

Conclusions

We present an experimental proof-of-concept SU-101-Sat MOF
cathode exhibiting remarkable performance similar to standard
Li-S batteries reported in the literature. Despite an initial
capacity reduction, commonly observed in MOF-derived Li-S
batteries during the initial conditioning phase, this cathode
exhibited a stable performance and maintained nearly 99.8%
coulombic efficiency across 1000 cycles. This resilience is
attributed to the controlled release of polysulfides, a character-
istic feature facilitated by the chemical composition of SU-101
(i.e., Bi(m) metal centers) and the unique chemical trans-
formation of H,S to polysulfides at room temperature and
atmospheric pressure by the SU-101 MOF. These findings
highlight the potential of MOF materials to spontaneously
transform toxic H,S emissions into polysulfides independently
of fully maintaining the crystalline structure of the framework.
This approach is a promising candidate for implementing toxic
waste valorization strategies and subsequent applications in
electrochemical energy storage applications.
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