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ABSTRACT: Lithium—sulfur batteries hold great promise as next-
generation high-energy-density batteries. However, their perform- *‘b%
ance has been limited by the low cycling stability and sulfur f s, s
utilization. Herein, we demonstrate that a selective reduction of the \%
multivariate metal—organic framework, MTV-MOF-74 (Co, Nj,
Fe), transforms the framework into a porous carbon decorated
with bimetallic CoNi alloy and Fe;O, nanoparticles capable of %
entrapping soluble lithium polysulfides while synergistically

facilitating their rapid conversion into Li,S. Electrochemical studies
on coin cells containing 89 wt % sulfur loading revealed a reversible
capacity of 1439.8 mA h g™ at 0.05 C and prolonged cycling
stability for 1000 cycles at 1 C/1060.2 mA h g~' with a decay rate
of 0.018% per cycle. At a high areal sulfur loading of 6.9 mg cm™2 and lean electrolyte/sulfur ratio (4.5 uL:1.0 mg), the battery based
on the 89S@CoNiFe;0,/PC cathode provides a high areal capacity of 6.7 mA h cm ™. The battery exhibits an outstanding power
density of 849 W kg™" at S C and delivers a specific energy of 216 W h kg™" at 2 C, corresponding to a specific power of 433 W kg™".
Density functional theory shows that the observed results are due to the strong interaction between the CoNi alloy and Fe;O,,
facilitated by charge transfer between the polysulfides and the substrate.
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B INTRODUCTION kinetics hinder rapid sulfur conversion into the desired Li,S at
the cathode, promoting LiPS leaching out of the cathode and
migrating through the separator to react at the lithium anode
surface, causing anode passivation and hence degrading battery
capacity and stability upon cycling.*’

To address the stability issue of the LSBs, several strategies
have been developed including modifying the sulfur host to
immobilize sulfur species and enhance their redox kinetics. For
example, integrating polar sites in the sulfur host and
modifying catalytic species have been the most effective

There has been an increasing demand for cost-effective high-
energy-density batteries to store energy from intermittent
sources such as solar and wind to mitigate the adverse effects of
fossil fuels (limited supply and environmental impact
manifested by global warming). Due to the multielectron
redox reactions of the sulfur cathode, lithium—sulfur batteries
(LSBs) hold great promise among next-generation battery
technologies, given their low cost, sulfur abundance, and high
energy density compared to lithium-ion batteries (LIBs).l_5 At ! ) -
theoretical volumetric and gravimetric capacities of 2800 W h approach. These studies have focused on varions transition-

L' and 2567 W h Kg—l respectively, LSBs have the desired metal dichalcogenides and pnictides.m_12 For instance, metal
merits to address the market demand for hybrid and electric nitrides, metal phosphides, metal borides, and metal sulfides

vehicles with tangible societal and environmental impacts.é’7 have been proven to be effective mediators with efficient

Even though intense research activities have been directed at

advancing LSBs, their widespread use has been impeded by Received: October 16, 2023 i
their low stability and short cycling life. It has been accepted Revised:  December 12, 2023

that such shortcomings arise due to soluble lithium polysulfide Accepted: December 12, 2023

(LiPS) dissolution into the electrolytes known as the “shuttle Published: January 2, 2024

effect,” low sulfur utilization, and the insulating nature of sulfur

and Li,S. During battery discharge, the sluggish reaction
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Scheme 1. Schematic Representation of CoNiFe-MOF-74 Synthesis and Its Thermal Transformation into the S@CoNiFe;0,/
PC Cathode, Followed by Coin Cell Assembly and Typical GCD Profile
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catalytic activity and high adsorption capability for LiPS
confinement. In searching for cost-effective and efficient
catalysts, metal oxides have also been explored to advance
cathode stability and performance due to their unique band
structure and ability to provide rich adsorption sites for
anchoring LiPS."*™!> However, metal oxides exhibit limited
catalytic activity and low conductivity, which limit their
effectiveness in advancing LSBs.'®"® Metal-based materials
can catalytically promote the conversion of long-chain LiPS
into short-chain LiPS and then to Li,S by adsorbing and
oxidizing long-chain LiPS, thus, restraining the shuttle effect.
Among the used metals, Co, Ni, and Fe supported on carbons
have attracted increased attention in battery-txpe storage
because of their lower intercalation potential.lg* However,
the weak metal—carbon interactions in such systems limit their
catalytic activity.”” Furthermore, bimetallic alloying has been
explored to optimize the electronic structure of mono metals
and to alter the weak interaction between metals and carbons
to enhance their catalytic nature.”*>*

The many prerequisites of sulfur hosts, i.e., high sulfur
loading, electrical conductivity, high LiP$S affinity, fast lithium-
ion diffusion, and rapid redox kinetics, can be addressed using
a bottom-up approach using metal—organic frameworks
(MOFs). MOFs are highly designable porous materials
constructed from organic linkers and metal ions. With a
judicious selection of metal ions and organic linkers,
physicochemical properties can be fine-tuned to address a
broad range of applications, such as gas storage and separation,
catalysis, sensing, and electrochemical energy storage.24_26 In
particular, MOFs and their derivatives were recently applied in
the energy storage field.*”*® Moreover, the calcination of
MOFs provides metals and metal oxide embedded in
conductive porous carbon, maximizing the possibility of
electronic conductivity and allowing for easy access to lithium
ions.”” Pristine MOFs used as electrodes in batteries have been
mainly restricted by their stability issues, low capacity, poor
conductivity, and weak adhesion to the substrate. On the other
hand, functional MOF derivatives such as metal sulfides, metal
phosphide, metal oxides, and nanometals embedded in porous
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carbons are generally more efficient for rechargeable
batteries.’*™** The unique structural features of MOFs and
their ability to coordinate different metal ions in their
secondary building units as in the case of multivariate-MOFs
(MTV-MOFs), makes MOFs uniquely suited for advancing
the design and performance of electrocatalytic electrodes.’
This top-down approach enables rapid cathode fabrication and
eliminates several challenges encountered with traditional
methods like wet chemical methods of coprecipitation and
impregnation or gas phase processes, including chemical vapor
deposition and atomic layer deposition that suffer from metal
nanoparticle agglomeration or the need for advanced
fabrication tools.***® To this end, we envisioned that
thermolysis of MTV-MOFs of selected metal composition
under controlled reaction conditions could lead to superior
sulfur cathodes that combine a high LiPS anchoring ability and
rapid redox kinetics.

Despite significant advances, most reported studies used
coin-cell configurations under uncontrolled Li anode con-
ditions, excessive electrolytes, and low sulfur mass loadings.
The high-energy advantage is significantly offset by the use of a
large proportion of inactive materials, thus limiting their
practicality. Accordingly, the highest priority for future
perspectives on developing high energy-density LSBs and
designing practical LSB technologies are (1) design of smart
cathodic electrocatalyst hosts with interconnected and highly
porous materials, good conductivity, high adsorption ability to
simultaneously achieve diffusion, adsorption, and fast catalytic
conversion of polysulfides, (2) reducing electrolyte to sulfur
ratio (Rg/s) and increasing areal cathode capacity (my) are
critical to attaining ultrahigh energy density of 800—1000 W h
kg™! in future LSBs, and (3) increasing both the specific
capacity based on sulfur (Cyyg,) and Vo4 can considerably
improve the power and energy densities.

To realize high-energy-density LSBs, all of these critical
parameters must be carefully considered. Herein, we
demonstrate that controlled pyrolysis of MTV-MOF-74 (Co,
Ni, and Fe) affords a unique catalytic sulfur host composed of
CoNi—Fe;0, nanoparticles supported on porous carbon

https://doi.org/10.1021/acsami.3c15480
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Figure 1. (a,b) N, adsorption—desorption isotherm and (c,d) pore size distribution of the prepared samples. SEM of (e) CoNiFe-MOF-74 and (f)

CoNiFe;0,/PC.

(CoNiFe;0,/PC), which exhibits superior cathodic perform-
ance due to the synergistic effect of CoNiFe;O,. The
CoNiFe;0,/PC electrocatalyst combines the strong adsorp-
tion capacity of Fe;O, toward LiPS and the redox activity of
the CoNi alloy. Batteries derived from S@CoNiFe;0,/PC
exhibit high capacity, high-rate capability, and superior long-
term cycling stability even at high sulfur loading and lean
electrolyte content, highlighting the effect of the MOFs
selection and pyrolysis conditions on battery stability and
performance. Future perspectives on developing high energy-
density LSBs are also described considering all critical
parameters for designing practical LSB technologies.

B RESULTS AND DISCUSSION

Because of their promising potential in LSBs, bimetallic CoNi
alloys and Fe;O, nanoparticles were targeted to alleviate the
shuttle effect and enhance the sluggish redox kinetics at the
cathode. Therefore, CoNiFe-MOF-74 with metal contents of
Co =13.8,Ni = 6.5, and Fe = 7.0 wt % was targeted. A one-pot
solvothermal reaction of dioxidoterephthalate with the divalent
metals in DMF/ethanol/water afforded porous phase-pure
MOF-74 according to XRD, porosity, and SEM studies.””**
Thermolysis conditions of CoNiFe-MOF-74 were carefully
selected to assess the impact of the temperature and reduction
atmosphere on the physical and chemical properties of the
resultant metal-doped carbon and to determine how such
properties dictate battery stability and performance, especially
at high sulfur loading and lean electrolyte content. Our
thermolysis strategies depended on the fact that the metals
used in synthesizing CoNiFe-MOF-74 decompose in the order
of Ni, Co, and then Fe under thermal treatment control.>” The
resultant porous carbon also benefits from the porous channels
of the pristine MOF, which gives rise to facile lithium-ion
diffusion during battery cycling and enables high sulfur
loading.”>> Two pyrolysis approaches were employed to
rationalize the role of the metals in enhancing the battery
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performance. First, CoNiFe-MOEF-74 was pyrolyzed at 400 °C
for 1 h (ramping rate = 2 °C min~') under N,/H, (5%
hydrogen) flow. This process transforms the MOF into a CoNi
alloy and Fe;0, supported on porous carbon (Scheme 1). The
total decomposition of MOF at 600 °C under N,/H, seems
facile and afford CoNiFe/PC, but it is not optimized for Li—S
batteries due to the destruction of the well-defined channel/
pore structures of MOF and the dramatic decrease in the
surface area (Figure Sla).

The nitrogen adsorption—desorption isotherms of CoNiFe-
MOEF-74, CoNi-MOF-74, CoNiFe;0,/PC, and CoNi/PC
samples were acquired to verify the porosity of the MOF-
driven CoNiFe;0,/PC, as shown in Figure lab. The
Brunauer—Emmett—Teller (BET) specific surface area of
CoNijFe-MOF-74 and CoNi-MOF-74 was calculated in the
P/P, range of 0.05—0.30 (Figure S1b) to be 1282 and 1229
m?/g, respectively, and classified as a typical type I isotherm.
The specific surface area of the pyrolyzed samples maintained
about 69% of the original surface area of the pristine MOFs.
Additionally, the corresponding pore size distribution meas-
ured by nonlocal density functional theory (NLDFT) indicates
that most pores of the parent MOFs were microporous (Figure
Ic). In contrast, the pore size range extended to the
mesoporous range after carbonization (Figure 1d), which is
beneficial for high sulfur loading and overcoming volume
fluctuations.””*””>> The TGA—MS analysis indicates the
thermal decomposition of the CoNiFe-MOF-74 into CoN-
iFe;0,/PC at ~400 °C (Figure S2a). Because the trimetallic
Co, Ni, and Fe-MOF-74 can be deoxygenated in the order of
Ni, Co, and then Fe, a thermal treatment control was
considered to obtain CoNi alloy and Fe;O, embedded in
residual porous carbon, a signature of this decomposition was
observed in TGA—MS.”” Sulfur loading was accomplished by
using the melt-diffusion approach. The sulfur content and
thermal stability of the S@CoNiFe;0,/PC composite were
investigated using TGA—MS analysis under the N, atmosphere
(Figure S2b). TGA—MS analysis of S@CoNiFe;0,/PC
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Figure 3. High-resolution TEM and SAED patterns of (a,b) CoNiFe;0,/PC and (c—f) S@CoNiFe;0,/PC. The yellow dotted line indicates
CoNiFe;0, nanoparticles, and the red dotted line indicates the formation of NiCo,S, shell after sulfurization of CoNiFe;0,/PC.

revealed a sulfur content of 89 wt % in agreement with the
targeted loading (90 wt %) and was also confirmed by EDS
analysis (88 wt %). It is worth noting that high sulfur content is
very desirable to attain high areal energy density in LSBs but
often results in low sulfur utilization in the absence of
catalysts.”

The synthetic process of CoNiFe;0,/PC was targeted with
an atom ratio of Co/Ni (Fe) ~ 2:1 to obtain CoNi alloy with
the highest fcc-phase strength based on the Co—Ni—Fe phase
diagram.””** The Co—Ni phase diagram indicates that the
hardness of CoNi alloys increases as the cobalt content
increases.*"** Thus, increasing the cobalt content in the crystal
is beneficial for the stability of the structure. ICP-OES and
EDS were used to analyze the proportion of Co, Ni, and Fe
and the average metal weight percent of bare and carbonized
CoNiFe-MOF-74 (Table S1). The elemental analysis data
reveal high metal content in the carbonized MOF; Co: 32.45,
Ni: 15.05, and Fe: 16.27 wt % with an atom ratio of Co/Ni

2286

(Fe) ~2:1. The X-ray powder diffraction peaks obtained for
CoNiFe;0,/PC and CoNi/PC confirmed that CoNi alloy is
present as fcc crystal (Figure S3). The two strong peaks at 26 =
4443 and 51.91° can be indexed to the (111) and (200)
planes of face-centered cubic (fcc) phase of CoNi, respectively,
(JCPDS no. 15-0806 for fcc Co, JCPDS no. 04-0850 for fcc
Ni).*>* The characteristics peaks of Fe;0, are located at 26 =
18.4, 30.30, 35.53, 43.02, 53.59, and 57.53°, which correspond
to the (111), (220), (311), (400), (422), and (S11) crystal
planes of Fe;0, (JCPDS no. 65-3107).*"* To investigate the
role of Fe;O, in cathode function, CoNi-MOF-74 with similar
Co and Ni contents, 13.8 and 6.5 wt %, respectively, was also
synthesized and annealed under identical conditions as stated
earlier to afford the expected characteristic peaks for the fcc
CoNi alloy supported on porous carbon (Figure S3b). To
validate the effectiveness of CoNi alloy and Fe;O, in LSBs, the
S@CoNiFe;0,/PC cathode was prepared for battery studies.
The XRD pattern of S@CoNiFe;0,/PC reveals the distinct

https://doi.org/10.1021/acsami.3c15480
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corresponding ip—z/l/2 scatters and linear fitting of the anodic and cathodic peaks in the CV curves of (e) S@CoNi—Fe;0,/PC and (f) S@ CoNi—/

PC.

characteristic peaks of sulfur (PDF # 08-0247), as shown in
Figure $3.>> Importantly, all of the peaks can be indexed to
sulfur, CoNi alloy, NiCo,S,, and Fe;O,. Surface oxidation of
CoNi alloy during sulfur loading has been reported and
depends on the composition of CoNi alloys.**™*® The
superimposition of the CoNi alloy phase and NiCo,S, phase
(JCPDS no. 20-0782) indicates the formation of a thin layer of
CoNi—sulfide on the surface of the CoNi alloy.*” This sulfide
layer was further verified by the TEM and HR-TEM images of
S@CoNiFe;0,/PC.

SEM images of CoNiFe-MOF-74 and CoNiFe;O0,/PC
indicated that the pyrolyzed MOF at 400 °C maintains its
crystal shape, except the surface becomes rough due to
ultrafine nanoparticles formation from partial MOF decom-
position (Figure le,f). Such a structure is further confirmed by
TEM, as shown in Figures 2 and S4. TEM images in Figure S4
reveal that the CoNi alloy is enriched as a skin shell over the
Fe;0, surface, which is first deposited in the core. Moreover,
the formation of the NiCo,S, shell after sulfurization of
CoNiFe;0,/PC is clearly observed in Figure S4e and verified
by HR-TEM. The porous structure of the carbonized MOF
was also observed in the TEM images (Figure S4f) and
confirmed the BET analysis. The dense packing of the Co, Nij,
and Fe;O, clusters becomes evident through the energy-
dispersive X-ray spectroscopy (EDS) studies, and no
agglomerates were found despite the high cluster density
(Figure 2). The elemental mapping of each element (Co, Ni,
Fe, O, and S) shows that all expected metals are spread out
within the carbon matrix and verifies the well-defined
CoNiFe;0,/PC structure with a high density of Co, Ni, Fe,
and O elements, as shown in Figure 2c. It should be noted that
sulfur is uniformly distributed and effectively accommodated in
the mesopores of CoNiFe;O,/PC even with a high sulfur
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content of 89 wt %, as shown in Figure 2f. Moreover, the
quantitative analysis obtained from the EDS spectra agreed
with the targeted loading and is consistent with the ICP results,
as shown in Figure SS and Table SI.

HR-TEM analysis with selected area electron diffraction
(SAED) was carried out to investigate the structural and
morphological features of CoNiFe;O,/PC and S@CoN-
iFe;0,/PC (Figure 3). The magnified HR-TEM image of
the MOEF-driven CoNiFe;0,/PC clearly shows the formation
of lattice fringes corresponding to the interplanar spaces of
0.204, 0.253, and 0.480 nm and in agreement with the facet of
CoNi (111), Fe;O, (311), and Fe;O, (111), respectively
(Figure 3a).’°">* The same result was obtained from the
SAED pattern (Figure 3b), which confirmed that the MOF-
driven CoNiFe;0,/PC is highly crystalline. The absence of
fringes in the carbon layer of CoNiFe;O,/PC supports the
formation of amorphous carbon. These results are consistent
with the XRD results, where the peaks of CoNi and Fe;O, can
be detected obviously; however, no diffraction peaks related to
carbon can be observed. Moreover, HR-TEM confirmed the
sulfurization of CoNiFe;O,/PC has uniform crystallinity for
each nanoparticle with a new d-spacing of 0.280 nm observed
to the (200) planes of NiCo,S, (Figure 3¢e).”” The distances
between the lattice fringes in S@CoNiFe;0,/PC were
calculated at various regions indicated as 1, 2, and 3, as
shown in Figure S6. NiCo,S, was observed to be present in the
interface of the CoNi alloy and Fe;O, nanoparticles after
sulfurization of CoNiFe;0,/PC. Furthermore, the interplanar
distances of (111) planes of Fe;O, and CoNi alloys were found
to be 0.480 and 0.204 nm, respectively. Along with the above-
mentioned lattice fringes, the SAED pattern images of
CoNiFe;0,/PC (Figure 3b) and S@CoNiFe;0,/PC (Figure
3d,f) were found to contain clear bright spots, which suggested
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Figure S. (a) Charge—discharge profiles of a Li—S battery using a S@CoNiFe;0,/PC cathode at 0.05 C. (b) First GCD of the S@CoNiFe;0,/PC
and S@CoNi/PC cathodes at 0.05 C. (c) Areal capacity of the S@CoNiFe;0,/PC cathodes at 0.1 C with various areal sulfur loadings. (d,e) GCD
of S@CoNiFe;0,/PC at varied current rates (0.05—S C). (f) EIS data of standard LSBs with S@CoNiFe;0,/PC cathode. (gh) Long-term cycling
stability of S@CoNiFe;0,/PC and S@CoNi/PC electrodes at a 1.0 C rate for 1000 cycles.

the high crystallinity of the prepared electrocatalysts. This also to metallic cobalt (Co®).*® The XPS spectra of Ni 2p showed

confirms that both cobalt and nickel nanoparticles are present similar structural changes. The peak for Ni** at 856.8 eV
in monophase with a highly crystalline structure. evolved into a new spin—orbit splitting peak at 852.6 eV,

The X-ray photoelectron spectroscopy (XPS) was used to characteristic of Ni® after pyrolysis of CoNiFe-MOF-74 under
determine the chemical composition of CoNiFe-MOF-74 and N,/H,.”” Lastly, as can be seen from the high-resolution XPS
CoNiFe;0,/PC (Figures S7 and S8). High-resolution XPS C of Fe 2p,, (Figure S8), the peak from Fe—O (Fe’")
1Is spectra of CoNiFe-MOF-74 and CoNiFe;O0,/PC show contribution remained as the major peak, indicating most of
similar spectra, which can be split into four subpeaks (Figure the iron in MOF-74 remained trivalent and was not
S7). However, the peaks related to the oxygen-containing decomposed after pyrolysis CoNiFe-MOF-74 at 400 °C.”* 1t
functional groups are much less intense, indicating the partial is intriguing to note that the ionic valence state of metals is
reduction of CoNiFe;0,/PC after pyrolysis of CoNiFe-MOF- detected in CoNiFe;0,/PC for Fe 2p, which is otherwise
74 at 400 °C. Such reduction increases the aromatic character, missing in the XPS Co 2p and Ni 2P. In contrast, the zero
turning the MOF-driven CoNiFe;O,/PC into a more valence state of metals is detected for Co 2p and Ni 2P and
conductive material.”**> The bonding decomposition during missed in the XPS Fe 2p, indicating that only Co—O and Ni—

partial pyrolysis of CoNiFe-MOF-74 at 400 °C was also O bonds are decomposed during pyrolysis of CoNiFe-MOF-74
examined by XPS, implying the complete decomposition of Co at 400 °C.

and Ni nodes in CoNiFe-MOF-74 to form metal nanoparticles To evaluate the synergistic effect of CoNi and Fe;O,, cyclic
(Figure S8). For Co 2p, the peak at a binding energy of 782.4 voltammetry (CV) curves of S@CoNiFe;0,/PC and S@
eV attributed from Co—O (Co*") contribution is shifted to CoNi/PC-based cells were acquired for 5 cycles in a potential

lower binding energy (778.7 eV), indicating that Co—O bonds window of 1.7—2.8 V at a scan rate of 0.1 mV s~ (Figures 4
in CoNiFe-MOF-74 are completely decomposed and reduced and S9). The results show that the S@CoNiFe;0,/PC cathode
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has good electrochemical reversibility and stable cycling
performance (Figure 4a). Compared with the S@CoNi/PC
cathode, the oxidation peak of the S@CoNiFe;0,/PC cathode
has a slight change to lower potential, and the reduction peaks
shift to higher potentials (Figure 4b). The S@CoNiFe;0,/PC
cathode has a sharper peak shape and higher peak current
density than the S@CoNi/PC cathode, indicating a faster LiPS
conversion ability and lower polarization of the S@
CoNiFe;0,/PC cathode. This phenomenon shows the
enhanced polysulfide redox kinetics by CoNiFe;0,/PC
nanoparticles. In the CV curve of S@CoNiFe;0,/PC, the
first two sharp cathodic peaks at 2.30 and 2.02 V were
attributed to reducing Sg to Li,S, (x = 4—8) and further
conversion to short-chain Li,S, or Li,S.>”®" Furthermore, the
CV curves of the five cycles show overlapping after the first
cycle, indicating good reversibility of the electrochemical
process. The above results reflect the role of Fe;O, in
adsorbing the polysulfides during the discharge process and
their rapid conversion to Li,S by CoNi. The results also
support the rapid conversion of Li,S into Sg during the reverse
oxidation process.

CV tests were also collected at various scan rates from 0.1 to
0.5 mV s to further evaluate the diffusion characteristics of
Li* ions (Figure 4c,d). The peak current data were analyzed
using the Randles—Sevick eq 1 to determine the contribution
of S@CoNiFe;0,/PC and S@CoNi/PC to the redox kinetics
of the cell, and the results are shown in Figure e f0102

I, = 0.4463nFAC(nFuD/RT)""? )
where i, is the peak current (mA), v represents the rated scan
speed {mV s”') employed in the CV test, T is the absolute
temperature (298.0 K), R is the ideal gas constant (8.314 J
mol™" K™'), and D is the lithium-ion diffusion coefficient (cm?
s™'). F, n, A, and C represent the Faraday constant (96485 C
mol™"), number of electron transfer (2 for LSBs), electrode
surface area (2.54 cm?), and lithium-ion concentration
parameters (mol cm™), respectively. Choosing the cathodic
and anodic peak currents (A—C) in the CV curves to map v'/?
is shown in Figure 4e,f. The results show that all reduction and
oxidation current peaks are linearly related to the square root
of the scanning rate, and the peak current increases by
increasing the scanning rate. The slope of S@CoNiFe;0,/PC
is higher than that of S@CoNi/PC, indicating that the Li"
diffusion coefficient is enhanced by the polar sites due to
Fe;O,. This proves that due to its LiPS adsorption and
catalytic effects, S@CoNiFe;O,/PC can accelerate the redox
kinetics of LSBs.

The galvanostatic charge/discharge (GCD) profiles of S@
CoNiFe;0,/PC at a current rate of 0.05 C were also obtained
in the range of 1.7-2.8 V (Figure 5a). A representative
discharge process with two plateaus near 2.32 and 2.06 V
corresponds to the conversion from Sg to long-chain
polysulfides (Li,Sg, Li,Ss, and Li,S,) and the further reduction
to insoluble short-chain Li,S, or Li,S, coinciding with the CV
curve results. To verify the superiority of S@CoNiFe;0,/PC,
the first GCD curves of the S@CoNiFe;0,/PC and S@CoNi/
PC cathodes at 0.05 C are compared in Figure Sb. The
discharge plateaus of the S@CoNiFe;O0,/PC cathode are
flatter and more extended with higher capacity (1439.8 mA h
g™") than those of S@CoNi/PC (1229.8 mA h g™") and lower
polarization (7 = 0.23 V), elucidating the improved kinetic
characteristics of the S@CoNiFe;O,/PC cathode. The initial
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discharge capacity of S@CoNiFe;0,/PC at 0.05 C (1439.8
mA h g7') is higher than that of S@CoNi/PC (1229.8 mA h
g™!), most likely due to the enhanced LiPS adsorption by
Fe;0,. The impact of sulfur loading on accessible capacity was
studied; S@CoNiFe;O0,/PC cathodes with different sulfur
loadings of 71, 80, and 89 wt % were prepared and tested, as
shown in Figure S10. The highest capacity was observed for
the cathode with the highest sulfur loading (89 wt %, 1439.8
mA h g™' at 0.05 C), which indicates excellent sulfur
utilization.

To further understand the cathode’s thickness influence on
the electrochemical properties of the batteries, several cathodes
with different weight loadings between 3.5 and 7.0 mg cm™>
were fabricated and tested at a current rate of 0.1 C (Figure
5c). Even at a high areal sulfur loading of 6.9 mg cm™, the cell
with S@CoNiFe;0,/PC cathode possessed excellent electro-
chemical performance with an areal capacity of 6.7 mA h cm ™.
Furthermore, the galvanostatic discharge—charge was applied
at varied current rates (0.05—5.0 C) to evaluate the rate
capability of the S@CoNi—Fe;0,/PC cell, as shown in Figure
Sd,e. At different rates, the S@CoNiFe;O,/PC electrode with
sulfur loading of 89 wt % displayed good charge exchange
kinetics during lithiation/delithiation processes. The S@
CoNiFe;0,/PC cathode exhibited a tapering capacity from
1439.8 mA h g~' at 0.05 C to 1343.2, 1255.3, 1127.6, 1047.6,
912.4, and 755.8 mA h g”' at 0.1, 0.2, 0.5, 1, 2, and S C,
respectively. Notably, a reversible capacity of 1286.9 mA h g~!
was recovered when the current rate was reduced from 5.0 to
0.1 C, demonstrating the high reversibility and low attenuation
ability of S@CoNiFe;0,/PC. According to the above results,
the bimetallic alloy/metal oxide combination strategy is vital
for enhancing the cathode stability against the shuttle effect in
LSBs. These results reflect the significantly improved electro-
chemical performance of the S@CoNiFe;O,/PC cathode,
which can be attributed to the enhanced conductivity,
adsorption ability, and catalytic conversion effect of CoN-
iFe;0,/PC.

Electrochemical impedance spectroscopy (EIS) studies of
S@CoNiFe;0,/PC and S@CoNi/PC were performed before
cycling and after 50 and 1000 cycles of GCD measurements.
As shown in Figures 5f and S11, the results signified a smaller
charge transfer resistance value (12.3 Q) for S@CoNiFe,0,/
PC compared to the S@CoNi/PC cathode (32.9 Q). The
Nyquist diagram consists of a long slash and a semicircle in the
low and high-frequency regions, respectively. The intercept of
the real part Z’ in the high-frequency region corresponds to the
total Ohm resistance (R,), including the resistance due to the
circuit, the electrode, and the electrolyte. The semicircle in the
high-intermediate frequency region represents the charge
transfer resistance (R), which is indicated by the charge
transfer process at the electrolyte—electrode interface. More-
over, lithium-ion diffusion is attributed to the short oblique
line correspondin§ to the Warburg impedance (W) in the low-
frequency region.”’ Based on the equivalent circuit in the inset
of Figures 5f and S11, the values of R, and R, for S@
CoNiFe;0,/PC cathode are 12.6 and 12.3 €, which are both
smaller than 17.3 and 329 Q for S@CoNi/PC cathode,
respectively. Therefore, the S@CoNiFe;O,/PC cathode can
lower the charge transfer impedance to a certain extent and has
preferable conductivity and a faster charge transfer rate
compared to those of the S@CoNi/PC cathode. The
lithium-ion diffusion coefficients for S@CoNiFe;O0,/PC and
S@CoNi/PC before cycling were calculated based on eqs S1
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Figure 6. (a) UV—vis spectrum and optical picture to illustrate the adsorption of Li,S,. High-resolution XPS of the S@CoNiFe;0,/PC cathode (b)
before cycling, (c) fully charged after 100 cycles GCD, and (d) fully discharged after 100 cycles GCD.

and S2, and Figure S12 and were found to be 1.71 X 107'% and
7.95 X 107" cm® s7', respectively. Thus, the S@CoNi/PC
cathode exhibits a lower lithium-ion diffusivity compared with
S@CoNiFe;0,/PC. The superiority of S@CoNiFe;0,/PC
mainly arises from the strong LiPS adsorption, Li,S rapid
conversion reaction, faster ion/electron transportation, and Li*
diffusion.

The cycling durability of LSBs assembled from S@
CoNiFe;0,/PC and S@CoNi/PC cathodes are displayed in
Figure Sg,h. The S@CoNiFe;0,/PC electrode with 89 wt %
sulfur loading exhibited a significantly enhanced cycling
stability at 1.0 C with higher capacity retention and Coulombic
efficiency than S@CoNi/PC after 1000 cycles. The cathode
with an areal sulfur loading of 2.9 mg cm™ reveals a surprising
initial discharge specific capacity of 10602 mA h g™" at 1 C
and retained a discharge specific capacity of 864.9 mA h g”' in
the 1000th cycle with a retention rate of 81.6% and a fade rate
of 0.018% per cycle. In comparison, the S@CoNi/PC cathode
shows a discharge capacity of 983.1 mA h g~', suggesting lower
utilization of active materials and retained 689.2 mA h g~ after
1000 cycles with a retention rate of 71.0%. The electro-
chemical performance of LSB cells with the S@CoNiFe;0,/
PC cathode compared with previously reported metal and
metal oxides-based host materials (Table S2) indicates that S@
CoNiFe;0,/PC exhibits superior rate capability and cycling
stability. These results confirm that the unique compassion of
the S@CoNiFe;0,/PC cathode is central to extending the
cycling life of LSBs.

To evaluate S@CoNiFe;0,/PC in addressing the shuttle
effect of LiPS, we examined the LiPS—CoNiFe;O, interactions
using a solution of Li,Ss (10 mM) prepared from the reaction
between Li,S and S in a 1:5 molar ratio in a solvent mixture of
DME and DIO (Figure 6a). Adding the yellow solution of
Li,S¢ to CoNiFe;O,/PC resulted in discoloration of the
solution, as shown by the inset photograph in Figure 6a. In
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comparison, the addition of Li,Ss to the pristine MOF-74,
Ketjen black, and CoNi/PC did not lead to a noticeable color
change, which supports the effective role of Fe;O, in anchoring
soluble LiPS. The peak around 260 nm in the UV—vis spectra
is related to the S¢*~ species."”'” Compared with the blank
(Li,Sg solution), the peak intensity of the solution after
CoNiFe;0,/PC adsorption was significantly decreased and
much lower than those with MOF-74, Ketjen black, and
CoNi/PC. This suggests a fast Li,S4 adsorption by Fe;O, in
the CoNiFe;0,/PC composite, which is very important for
mitigating the shuttle effect of soluble polysulfides.

The LiPS—CoNiFe;0, interaction was also examined by
XPS analysis of S 2p, as shown in Figure 6b,c. High-resolution
XPS of S 2p before cycling the battery (Figure 6b) reveals two
S 2p,,, peaks at 165.1 eV (S—C) and 163.8 eV (S—S).** Upon
galvanostatic charge—discharge (GCD) for 100 cycles, the
extracted S@CoNiFe;0,/PC cathode of a fully charged
battery showed a strong S 2p contribution peak at 163.9 eV,
which matches the peak observed for Sg before cycling and
indicates the conversion of Li,S into elemental sulfur after
charging the battery to 2.8 mV. Additional sulfur environments
(Figure 6¢c) showed peaks at 167.2 and 168.9 eV and
corresponded to the formation of thiosulfate and polythionate
complexes, respectively, due to Li,S,/Fe;O, surface inter-
action. These peaks are in precise accord with S=O or the
central sulfur in thiosulfate ([SSO;]72), whereas its peripheral
sulfur is fitted at 161.9 eV.'*"® The terminal (S;~!) sulfur
atoms at 160.4 eV are contributing to the residual Li,S. This
suggests a good interaction between Fe;O, and polysulfides
and fast catalytic conversion by CoNi NPs. XPS analysis
conducted on S@CoNiFe;O,/PC which was extracted from a
completely discharged battery after 100 cycles is shown in
Figure 6d. The weak S 2p;,, long-chain polysulfide
contribution at 163.5 eV is consistent with the complete
conversion into shorter-chain polysulfides. Moreover, the
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Figure 7. (a) Optimized polysulfide configurations in the gas phase (S is represented in yellow and Li in green). (b) Calculated binding energies
(according to eq 2) of the polysulfides interacting with the interface models. (c,d) Calculated charge transfer of S to the polysulfides, as well as Co

and Ni in the CoNi alloy.

thiosulfate and polythionate complex peaks between 167.1 and
169.3 eV have vanished after discharge to 1.7 mV, which is also
accompanied by the transformation of long-chain to shorter-
chain polysulfides. The thiosulfate and polythionate complex
peaks are precisely the same as observed in the S 2p spectrum
of fully charged batteries, except with much lower intensities.
The formation of shorter-chain polysulfides accompanies the
difference in relative intensities ascribed to the consumption of
longer-chain polysulfides. According to the results presented
above, the redox reaction between Li,S, and Fe;O, forms
thiosulfates on the surface of the cathode. The insoluble
S,0572 anchored long-chain polysulfides, and the CoNi NPs
catalyze the catenation reaction by insertion in the S—S single
bond to create shorter-chain polysulfide species and poly-
thionate complex via internal disproportionation reaction as
shown in Figure 13,193

Results based on DFT calculations are consistent with those
from the experiment. The cyclic Sg polysulfide configurations
(Li,S, Li,S,, Li,S,, Li,Se Li,Sg and Sg) in the gas phase have
been optimized (Figure 7a) and their adsorption on the CoNi/
C interface and the CoNi/Fe;0, interface systems are studied
(see Theoretical Method in the Supporting Information). The
strength of interaction between the polysulfide and the
interface structure is measured by the binding energy (E,)
defined in eq 2

Ey = Eot = Eine — Eps ()

where E,, E;, and Epg are the ground-state energies of the
polysulfide adsorbed interface, the interface structure, and the
gas phase polysulfide cluster, respectively. The interaction of
the polysulfides with the interfaces is extraordinarily strong,
especially with the CoNi/Fe;O, interface. The calculated
binding energies are much greater than that (~4.4 €V) of the
best sin§le—atom catalyst anchored on N-doped carbon
matrices,”® as shown by the calculated binding energy in
Figure 7b. Upon interacting with the CoNi/C interface, Li—S

tot nt
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bonds in the small polysulfides, including Li,S and Li,S, are
elongated by ~0.3 A. Li,S, and Li,S¢ are restructured
(compared to their gas-phase configurations) upon interaction
with the interface. Li,Sg and Sg are disintegrated due to the
strong interaction between S and the interface, as shown in
Figure S14. Compared to the CoNi/C interface, the CoNi/
Fe;O, provides even stronger catalytic power, avoiding the
formation of any large polysulfides (Li,Ss onward) in the first
place, as shown in Figure S1S5. The Li—S bonds in the small
polysulfides Li,S and Li,S, are elongated as much as ~0.9 A
when they interact with the CoNi/Fe;O, interface. The
binding energies between the polysulfides and CoNi/Fe;0, are
all greater than 5.3 eV, as shown in Figure 7b. All of the above
results are summarized in Table S3. The strong interaction
between the polysulfides and the interface structures is due to
the large charge transfer between S and the substrates, as
shown in Figure 7¢,d. For the small polysulfides Li,S and Li,S,,
the charge transfer is from S to the substrate. From Li,S,
onward, the charge transfer is from the substrate to S in the
polysulfide. Since charge transfer at the CoNi alloy is negligibly
small, as shown in Figure 7¢,d, most of the charge transfer is
between the polysulfide and the substrate of carbon or Fe;0,.
The reason that the CoNi/Fe;O, interface can provide
extraordinary catalytical power is due to the strong interaction
between CoNi alloy and Fe;O,, facilitating charge transfer
between the polysulfides and the substrate (Fe;O,). The
calculated binding energy between CoNi and Fe;O0, is 1.72
eV/CoNi, which is much higher than the 0.14 eV/CoNi
between CoNi and carbon. The strong interaction between
CoNi and Fe;0, is due to the formation of a Ni—O bond at
the interface. It is found that, in the optimized CoNi/Fe;O,
interface model, there is a charge transfer of 0.1e per Ni from
Ni to Fe;O, and a charge transfer of 0.02¢ per Co from Fe;O,
to Co, making CoNi become more polarized.

Energy density calculation was investigated based on critical
parameters, including sulfur mass ratio, electrolyte/sulfur ratio,
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Figure 8. (a) Power density and energy density of the 89S@CoNiFe;0,/PC battery at different current rates of 0.05 to S C. (b) Ragone plot.

areal sulfur mass loading, and negative-to-positive electrode
material ratio according to the recent method developed by
Cui et al.* Considering all critical parameters for designing
practical LSBs technologies, two descriptors (Rme,gy and
Rweight) were used to analyze the energy- and mass-level
compromises on the LSB cell energy density. Besides the
anode and cathode materials, the coin cell consists of a current
collector, an electrolyte, a separator, and an external case for
shielding the battery core from the air. These battery
components are electrochemically inactive materials except
for sulfur loaded in the cathode (m,) and active Li in the
anode. The mass of the cathode (m_,4.) includes a sulfur
host, conducting material, and binder agent used to stabilize
the cathode and boost sulfur utilization. Moreover, an excess of
Li is also needed beyond the active Li to prolong the cycle life
during battery operation. The descriptor R,g depicts the
total mass percentage of both my and active Li, as shown in eq
S3. In addition to the mass-level compromise (inactive-mass-
related issues), we considered the energy loss due to voltage
polarizations and incomplete reactions (energy-level compro-
mise). In an ideally completed electrochemical reaction, the
reaction enthalpy (2 equiv of Li and 1 equiv of sulfur to form
Li,S) is converted to electric energy at an average output
voltage of 2.2 V (based on the difference in their electrode
potentials) and affords 1675 mA h g™" (the theoretical specific
capacity based on the mass of sulfur). However, in real LSBs,
converting lithium and sulfur into Li,S can hardly be
completed because some sulfur species (such as Li,Sg, Li,S,
and Li,S,) could leach into electrolytes and are not part of the
subsequent electrochemical reactions that lead to Li,S.
Moreover, some sulfur materials (such as Li,S,) formed during
discharge remain in intermediate states rather than completely
converted to Li,S. Comparing the specific capacity of sulfur
(Cquger) with its theoretical capacity reflects this degree of
reaction completion. On the other hand, voltage polarizations
occur during operation, such as concentration, ohmic, and
activation, decreasing the average output voltage (Vavmge) and
producing a proportional loss of output energy. Accordingly,
the energy utilization ratio (Renergy) of active materials is
calculated by combining energy loss from both the polar-
ization-induced result (Vaverage divided by the theoretical
voltage) and the incomplete electrochemical reactions (Cqyg,,
divided by the theoretical capacity), as shown in eq S4. The
gravimetric energy density of LSBs was calculated based on
both the mass- and energy-level compromises (Rweig}lt and
Repergy), as shown in eq SS.

Power density and energy density measurements were
carried out to determine the electrocatalytic effect of
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CoNiFe;0,/PC on battery performance. Combining both
high power density and high energy density is necessary for
practical applications. The 89S@CoNiFe;0,/PC-based battery
attains a remarkable energy density of 567 W h kg™" at 0.05 C
(Figure 8a), higher than those reported for best-performing
metallic- and metal oxides-based electrodes for LSBs.”” ™" In
terms of power density (eq S6), 89S@CoNiFe;0,/PC exhibits
an outstanding power density of 849 W kg™' at S C and
delivers a specific energy of 216 W h kg™" within 6.1 min at 2
C, which corresponds to a specific power of 433 W kg™
(Figure 8b). These results reflect the significantly improved
electrochemical performance of S@CoNiFe;0,/PC. Our
cathode design provides both high R, and Reper, leading
to increased energy densities, as shown in Figure 8.

Finally, the LBS based on the S@CoNiFe;O,/PC cathode
showed good storage stability at room temperature. Upon
GCD measurements of a fresh assembled S@CoNiFe;0,/PC
battery for S cycles, the battery was rested and tested after 3
months. The fully charged S@CoNiFe;0,/PC battery showed
self-discharge at 2.8 eV before being stabilized at 2.34 eV. After
the first cycle, the GCD pattern of the stored battery matches
the one observed for the fresh battery with no significant
decrease in the specific capacity after being stored for 3
months, as shown in Figure S16. The results indicate that the
S@CoNiFe;0,/PC cathode has a limited reduction against Li/
Li" over time and good stability, ensuring suitability for long-
term storage. These achievements mostly rely on the smart
design of CoNiFe;O, with interconnected and highly porous
carbon materials as cathodic electrocatalyst hosts to simulta-
neously achieve the diffusion, adsorption, and fast catalytic
conversion of polysulfides.

B CONCLUSIONS

To conclude, we have demonstrated that thermolysis and
selective reduction of the multivariate metal—organic frame-
work, MTV-MOEF-74 (Co, Ni, and Fe), affords highly porous
carbon with an impeded bimetallic CoNi alloy and Fe;O,
nanoparticles for entrapping soluble lithium polysulfides while
synergistically facilitating their rapid conversion into Li,S. This
work provides an effective strategy for exploring MOFs-derived
materials for high-areal capacity and long-life Li—S batteries.
The superior performance of S@CoNiFe;O,/PC is ascribed to
the efficient adsorption of lithium polysulfide species by Fe;O,
and the catalytic effect of CoNi alloy toward polysulfides
conversion augmented by high sulfur loading and electrical
conductivity of the porous carbon host. The S@CoNiFe;0,/
PC cathode exhibits impressive electrochemical performances,
including a high initial discharge specific capacity of 1439.8 mA
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h ¢! at 0.05 C, which remains significantly high even at a high
C rate (7558 mA h g' at § C). Battery stability was
remarkable, and after 1000 cycles, a capacity of 864.9 mA h g™
at 1 C with a prominent capacity retention rate of 81.6% and a
low decay rate of 0.018% per cycle was observed. Impressively,
the LSB-based S@CoNiFe;0,/PC demonstrated an ultrahigh
power density of 849 W kg™ at 5 C and delivered a specific
energy of 216 W h kg™" at 2 C, which corresponds to a specific
power of 433 W kg™'. Density functional theory-based
calculations show that the underlying physical principles
guiding the experimental results are due to the strong
interaction between the CoNi alloy and Fe;O,, facilitating
charge transfer between the polysulfides and the substrate
(Fe;0,). This work highlights the many physicochemical
merits of MTV-MOFs which make them uniquely suited for
addressing the shortcomings of sulfur cathodes in practical
LSBs.
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