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Abstract

It is a long-standing issue that the sluggish polysulfide conversion and adverse
shuttling effects impede the development of lithium-sulfur (Li-S) batteries with
high energy density and cycling stability, which necessitate the exploration of
new electrocatalysts to facilitate the practical applications of Li-S batteries.
Herein, a single-phase high-entropy stabilized oxide (Nig,C0¢,Cug,Mgg2Zng )
O (HEO0850) is successfully prepared through a novel low-temperature anneal-
ing strategy from a self-sacrificing metal-organic frameworks (MOFs) template
and then integrated into the sulfur host, where it functions as both the catalytic
converter and chemical inhibitor towards the shuttle species. Furthermore, the
synergistic contribution of randomly dispersed metal elements and the exposure
of affluent active sites enable the chemical encapsulation of soluble polysulfides
and accelerate conversion kinetics. The HEO850/S/KB cathode (KB: ketjen
black; sulfur content: 70 wt.%) delivers a substantially higher initial specific dis-
charge capacity of ~1244 mAhg ' in comparison to MEO/S/KB (MEO:
medium entropy oxide; ~980 mAh g™'), LEO/S/KB (LEO: low entropy oxide;
~908 mAh g '), and routine S/KB cathodes (~966 mAh g~ '), which is well
retained at ~784 mAh g ' after 800 cycles at 0.5 C with a low capacity decay
rate of ~0.043% per cycle. Moreover, when the HEO850/S/KB cathode is pro-
cessed with a high areal sulfur loading (~4.4 mg cm™ ), the resulting Li-S bat-
tery also performs well, with a high initial specific capacity of ~1044 mAh g *
at 0.1 C and 85% capacity retention after 100 cycles. This study highlights the
potential application of HEOs in enhancing the performance of Li-S batteries
and provides a novel strategy in synthesizing the HEOs at a relatively low
annealing temperature for various energy conversion and storage applications.
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1 | INTRODUCTION

The high-performance lithium-sulfur (Li-S) batteries
have been recognized as the most competitive alternative
to the state-of-the-art lithium-ion batteries (LIBs) to meet
the ever-increasing demand for the energy-dense and
electrochemically sustainable storage devices in the
emerging fields, such as flexible and portable electronics,
electric vehicles, and smart grids.l’3 Li-S batteries utilize
the naturally abundant, and environmentally benign sul-
fur as the cathode, possessing an overwhelming theoreti-
cal capacity of 1675 mAh g ! (more than six times higher
than that of conventional LiCoO, cathode) and a high
energy density of 2600 or 2800 Wh L™'.*° However,
despite these superiorities in their potential perfor-
mances, the Li-S batteries still have some challenges
before their commercialization, which are rooted from
the complex multielectron conversion electrochemical
reaction: 16Li + Sg — 8Li,S.® Several significant obsta-
cles have been identified: the inferior redox cycling life
span, low sulfur utilization on account of the insulating
sulfur and lithium sulfides, the sluggish electrochemical
kinetics, irreversible sulfur loss, low Coulombic effi-
ciency, as well as the fast capacity fading. The soluble
polysulfide intermediates (Li,Sy, 4 < x < 8) in the liquid
electrolytes results in the shuttling effect between the
cathode and anode which is a typical challenge for Li-S
batteries.”®

The functional sulfur hosts have offered tremendous
contributions to inhibit the shuttling effect by encapsulat-
ing the lithium polysulfides (LiPSs). Initially, this strategy
was explored by introducing the porous carbon to retain
LiPSs”'® physically to remarkably improve the perfor-
mance of Li-S batteries. However, the volume expansion
during the charge/discharge processes limits this physical
strategy to only partial confinement of the intermediate
polysulfides.”* Because of their strong chemical bond-
ing capability, the polar multicomponent metal oxides
additives have recently become effective chemical inhibi-
tors towards the cathode solvated polysulfides."*"'” For
example, the strong chemical bonding between Zn or Co
and S in the porous spinel ZnCo,0, particles@N-doped
reduced graphene oxide (ZnCo,0,@N-RGO) and the
dual bonding (Li-O and Sr-S bonds) in the novel
Bay 551y 5Cog gFey,05.5 perovskite nanoparticles have
been validated as an efficient chemical anchoring strat-
egy for the LiPSs species,'>'” which comprise the mixed
metal oxides with preferable electronic conductivity and
chemical stability as a single entity."**° Given so signifi-
cant role of the metal species in the mixed metal oxides,
it is highly desirable to explore the efficient and charac-
teristic multi-metal oxide catalysts with easily exposed

and well dispersed metal atoms to effectively anchor the
polysulfides in Li-S batteries.

High entropy oxides (HEOs) are a class of new crys-
talline solid solutions articulated by deliberately popu-
lating five or more different metals into a single cationic
sublattice, making them unique as compared to tradi-
tional metal oxides. The configurational entropic contri-
bution to the Gibbs free energy is highlighted in these
crystal formulations rather than the cohesive energy.'®
Subsequently, these single-phase multi-metal oxides
possess highly randomly dispersed metal sites and out-
standing electrochemical features,”’”** including the
reversible Li" storage®® and superior Li* conductivity
(>107* Scm™").*’ In this regard, a high entropy oxide
based on Ni, Mg, Cu, Zn, and Co was synthesized by a
mechanochemically assisted method and utilized as the
chemical anchor for LiPSs, delivering an initial dis-
charge capacity of ~890mAhg ' and achieving a
capacity retention of ~479 mAh g ' after 600 cycles
because of the synergistic contribution of the Li-O and
Ni-S bonding.** However, the synthesis techniques
including aforementioned route for the single-phase
HEOs, such as the nebulized spray pyrolysis (NSP),
flame spray pyrolysis (FSP), solid-phase sintering (SPS),
and reverse co-precipitation (RCP)****?° require rela-
tively complex and expensive reaction equipment, high
energy consumption, long preparation time, and
extremely high annealing temperature (>1000°C), along
with relatively large particle sizes of the products.”®**
Moreover, potential of HEOs as a novel cathode host
has not been well studied. For example, alternative syn-
thesis strategy at lower annealing temperature is needed
to facilitate the tailoring of HEOs properties with more
exposed metal species and active sites for multiple engi-
neering and energy-related applications.

Herein, we developed a novel low-temperature tem-
plate strategy to prepare the high entropy oxide
(Nip»C09.,Cug Mgy »Zn¢,)O from a self-sacrificing multi-
metal-organic frameworks (M-MOFs). When employed
as the cathode component for Li-S batteries, the HEOs
can provide many randomly distributed active metal sites
with excellent electronic conductivity and multicompo-
nent synergistic effects in anchoring the polysulfides.
Thus, it leads to a high initial specific discharge capacity
of ~1244 mAh g ' at 0.5 C and retains a capacity of
~784 mAh g~' even after 800 redox cycles with a low
degradation of ~0.043% per cycle. Furthermore, the dif-
ferent entropy stabilized metal oxides (low-entropy and
medium-entropy) were compared with HEOs for Li-S
performance. Importantly, the underlying mechanisms
were investigated by ex-situ X-ray photoelectron spec-
trometer (XPS) and X-ray diffractometer (XRD).
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2 | EXPERIMENTAL SECTION

2.1 | Syntheses of HEOs

All the materials and chemicals (Section 1.1, supporting
information) were used as received. The high entropy
oxide, (Nip»Cog,Cug,Mgp»Zn¢ )0, was prepared by low-
temperature annealing of a self-sacrificing MOFs tem-
plate. First, the MOFs template containing the Ni, Co,
Cu, Mg, and Zn was synthesized by the one-pot sol-
vothermal method. In detail, 4.4 mg of each metal nitrate
(i-e., Ni(NO3),-6H,0, Co(NO3),-6H,0, Cu(NOs),-3H,0,
Mg(NOs),-6H,0, and Zn(NO;),-6H,0) was dissolved in
6 ml mixture of N, N-dimethylformamide (DMF, 99.8%)
and ethanol (volume ratio of 3:1), followed by ultrasoni-
cation for 25 min to form the uniform metal precursor
solution. Next, 1.56 mg organic linker (4,4'-bipyridine,
BPY) and 10 mg surfactant (polyvinylpyrrolidone, PVP)
were weighed and kept in a separate 20 ml glass vial.
Subsequently, the metal precursor solution was added
according to the desired molar ratio to the glass vial.
Besides, 10 ml mixture of DMF and ethanol (volume ratio
of 3:1) containing 4 mg 10,15,20-tetrakis(4-carboxyl-phe-
nyl)-porphyrin (TCPP) solute was added dropwise into
the aforementioned solution. The vial was then capped,
sonicated for 25 min, and then heated to 80°C and kept
at this temperature for 24 h to complete the solvothermal
reaction. The red-colored product was washed with etha-
nol and separated via centrifugation at 8000 rpm for
10 min, and this step was repeated three times. After-
wards, the supernatant was removed and then the precip-
itates were dried at 60°C in the oven for 12 h to obtain
the MOFs template.

Second, the MOFs template was annealed at different
temperatures from 450 to 850°C for forming the single-
phase HEO structure. When conducting at 850°C with a
heating rate of 10°C min~" for 10 h in a flowing O, atmo-
sphere, which is comparatively a lower temperature to
form single phase HEO compared with published
reports,'®*® a black product with single phase denoted as
HEO850 was obtained after quenching to room tempera-
ture. The complete process of HEO preparation is illus-
trated in Figure 1.

Furthermore, the annealing temperature on the
product phase evolution was also evaluated at two dif-
ferent temperature values at 450 and 750, respectively.
The samples so prepared are denoted as HEO450 and
HEO750, respectively. For comparisons, MOFs with
four (Ni, Co, Cu, and Zn) and two (Ni and Cu) metals
were also prepared following similar procedures and
were subsequently heated at 850°C to derive the
medium entropy oxide (MEO) and low entropy oxide
(LEO), respectively.

—WI ]_EyJ3_°“5

2.2 | Materials characterizations

The phase composition of the as-synthesized MOFs,
HEO850, MEO, and LEO were analyzed by a Rigaku
Smart Lab X-ray diffractometer (XRD) using a Cu Ka
radiation (A = 0.154 nm) at the scan range of 5°-80° with
the speed of 5° min . Distinct morphologies of HEO850
were inspected under a scanning electron microscope
(SEM, Tescan VEGA3) and a scanning transmission elec-
tron microscope (STEM, JEOL-2100F), both equipped
with the energy-dispersive X-ray spectrometer (EDX). The
chemical composition was investigated with an X-ray
photoelectron spectrometer (XPS, Thermo Scientific
Nexsa) and a Raman spectrometer (Renishaw Micro-
Raman Spectroscopy System) with the 532 nm laser as
the excitation source. The N, adsorption/desorption iso-
therms at 77 K were collected on a Micromeritics ASAP
2020 system, and the Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods were applied
to obtain the specific surface area and the pore size,
respectively. The thermalgravimetric analyses were
attained by a thermogravimetric analyzer/differential
scanning calorimeter (TGA-DSC, Mettler Toledo
TGA/DSC3+) in air with a ramp of 1°C min™".

2.3 | Preparation of cathodes and
electrochemical measurements

The HEO850/S/KB composite was prepared through the
melt diffusion method by annealing the sulfur (Ss,
70 wt.%), ketjen black (KB, EC-600JD, 20 wt.%), and
HEO850 (10 wt.%) in an Ar-filled autoclave at 155°C for
12 h. As a result, the actual sulfur content in the com-
posite is ~69%, determined by the TGA-DSC results
(Figure S1). Similarly, the MEO/S/KB, LEO/S/KB, and
S/KB composites were obtained as samples for compari-
son. The cathodes for Li-S batteries were fabricated from
the homogeneous slurry containing 90 wt.% HEO850/S/
KB (or MEO/S/KB, LEO/SKB, and S/KB) composite
and 10 wt.% polyvinylidene fluoride (PVDF) binder in
the N-methyl pyrrolidinone (NMP), which was uni-
formly coated onto the Al foil followed by cutting the
electrode into 10 mm round disks. The areal sulfur loading
in the prepared cathodes is generally 1 ~ 1.2 mgcm 2.
Besides, the cathodes with a higher areal sulfur loading of
~4.4 mgcm ? were also obtained by casting the same
slurry onto the carbon cloth. The CR-2025 coin cells
were assembled in an Ar-filled glove box with Li metal
as the anode, Celgard 2400 membrane as the separator,
and 1 M bis (trifluoromethane) sulfonamide lithium
salt (LiTFSI) dissolved in 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME) (volume ratio of 1:1) with
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FIGURE 1

1 wt.% LiNO; served as the electrolyte. The assembled coin
cells were galvanostatically discharged and charged
between 1.7 and 2.8 V (vs. Li/Li") at different rates using a
CT2001A cell test instrument (LAND Electronic Co.) at
room temperature of 25°C. The specific capacities are cal-
culated based on the mass loading of sulfur. Cyclic voltam-
metry (CV) at a scan rate of 0.1 mV s~ ' from 1.7 to 2.8 V
and electrochemical impedance spectroscopy (EIS) in the
frequency range of 10 000 to 0.01 Hz were collected from a
Metrohm Autolab electrochemical workstation under
ambient conditions (25°C and 1 atm).

3 | RESULTS AND DISCUSSION

3.1 | Phase evolution, reversibility, and
configuration entropic dependency of
HEO850

The XRD patterns depict the MOF structures’
(Figure S2), and the TGA result signifies that a relatively
low annealing temperature is enough to obtain the HEO
from the self-sacrificing MOFs template (Figure S3). The
initial annealing temperature was designed at 450°C, but
the as-obtained sample contained multiphase without the
well-known rock-salt one (Figure 2A)."® By increasing
the annealing temperature to 750°C, the relatively more
intensified XRD peaks could be achieved because of the
increased crystallinity, while the prominent peaks were
well attributed to the rock-salt phase. However, several
stray peaks still exist indicating the presence of the metal
oxide impurities, including Cos;04 ZnO, and CuO.
Finally, at 850°C, the impurities are vanished leading to
the single rock-salt phase with intensified sharp peaks at
around 36.7°, 42.7°, 62.0°, 74.2°, and 78.1° corresponding
to the (111), (222), (220), (310), and (222) rock-salt crys-
tallographic planes, respectively.'®

Metal-Organic Frameworks (MOFs)

High Entropy Oxide (HEO850)

Metal nodes

Schematic illustration of High entropy oxides (HEOs) preparation.

Furthermore, if entropy is the driving force to mini-
mize the Gibbs free energy (Equation 1) towards the
phase stabilization, the following conditions should be
satisfied: (i) transition from multiphase to single phase
should be reversible within a specific temperature range;
(ii) systematic removal of compositional elements should
destabilize the solid solution phase.'®

AGuix = AH iy — TASmix (1)

To verify the former, the as-obtained HEO850 was
further annealed at 750°C. Interestingly, many impure
phases were observed, and the single rock-salt phase
could be recovered again by thermally annealing at
850°C. It indicates that the phase is purely reversible
within the temperature range of 750-850°C
(Figure 2A).'® Additionally, a slight shift of the XRD
peaks towards lower angles upon annealing at a tempera-
ture higher than 750°C was also detected, implying the
solid dissolution of the mixed metals oxides into a single
rock-salt phase (Figure S4). For the latter, systematic
elimination of the metal elements from the HEO850 com-
position was employed. The MEOs in Figure 2B denote
the samples with one metal element removed from the
HEO with details given in Table S1. The nonexistence of
any single phase in MEOs at 850°C (Figure 2B) implies
that the configurational entropic variation can signifi-
cantly alter the transition temperature, and five or more
metal cations are necessary to form the single-phase
HEO. As the proof of concept, MOFs with two metal cat-
ions were also anealed at identical conditions, and the
products were found not in a single-phase (Figure S5).

Furthermore, the deviation of the metal cations from
the equimolar to the non-equimolar composition
(Table S2) also led to the formation of impure phases
(Figure S6). These results indicate that the obtained
HEOB850 at the relatively low temperature from the self-
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FIGURE 2 (A) X-ray diffractometer (XRD) patterns depicting the phase evolution and reversibility; (B) Nonexistence of a single phase
through configurational entropy variation; (C) Raman spectra of HEO850, KB, and HEO850/S/KB.

sacrificing MOFs template is the “high entropy-stabilized
oxide”. The crystal structure of HEO850 was likewise
identified by Raman spectroscopy in the range of 50-
1400 cm ™ '. The strong band at 545 cm ™' and the band at
1095 cm ™! are ascribed to the A, (LO) and E, (TO) of
the rock-salt structure with the Fm-3m space group,
respectively,’ identical to the reported rock-salt struc-
tures like NiO LiMgYO; (Y=Sn, Ti, Zr).**>> After the
HEOB850/S/KB composite was prepared through S melt
diffusion, these bands are still identifiable along with the
D- and G-bands of KB (Figure 2C).

3.2 | Structure and morphology of
HEO850

HEO850 exhibits the irregular morphologies with the
particle size of ~300 nm (Figure 3A). The high-resolution
transmission electron microscopy (HRTEM) image with
clear lattice fringes depicts that it has high crystallinity

and a d-spacing of 0.21 nm corresponding to the (200)
plane of the rock-salt structure (Figure 3B). The selected
area electron diffraction (SAED) with ring patterns fur-
ther confirms that HEO850 is polycrystalline (Figure 3C),
in agreement with the XRD results (Figure 2A). Mean-
while, the STEM-EDX elemental mapping clearly shows
the homogenous distribution of the constitutional Ni, Cu,
Co, Mg, Zn, and O elements throughout the HEO850 parti-
cles without any specific element segregation (Figure 3D).
Furthermore, the SEM and EDX spectrum suggest the
approximately equimolar existence of five metal cations
(Figure 3E,F). The specific surface area and the most
available pore size are determined to be 10.7 m® g~ ! and
16.9 nm, respectively, which could contribute to the
enhancement of the interaction between HE(0850 and
LiPSs (Figure S7). XRD patterns before and after S melt dif-
fusion confirm the formation of HEO850/S/KB composite
in the fabricated cathode of Li-S batteries (Figure 3G).
Furthermore, the chemical states of HEO850 were ana-
lyzed by XPS measurement. The survey spectrum reveals
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(A) Transmission electron microscopy (TEM) image; (B) HETRM image; (C) SAED pattern; (D) STEM-EDX elemental

mapping; (E) SEM micrographs; (F) SEM-EDX representing the equimolar metal elements; (G) X-ray diffractometer (XRD) patterns of

HEO850/S/KB composite and solely HEO850 and sulfur.

the existence of the Ni, Co, Cu, Mg, Zn, and O elements
(Figure S8), which matches well with the above-mentioned
EDX results. The high-resolution XPS spectra (Figure S9)
for HEO850 represent the distinct peaks of Zn 2ps,, Zn
2p1/2, and Mg 1s with the respective binding energy of
1020.8, 1044.1, and 1302.5 eV, indicating the +2 valence
state of both the Mg and Zn.*® Besides, the satellite peaks
in the core-level Cu 2p spectrum suggest that Cu is also in
the +2 valence state.*’ Similarly, the binding energies at
796.1 eV for the 2p,,, core-level peak, 780.9 eV for the 2p;,
photoemission peak, and 785.9 and 803.5 eV for the respec-
tive 2ps/, and 2p;, satellite peaks were detected in the Co
2p XPS spectrum, implying the +2 valence state for Co.*®
As for the Ni 2p XPS spectrum, the prominent peak con-
firms that Ni is also in the +2 valence state, but the intense
shoulder satellite peaks with higher binding energies indi-
cate the existence of +3 valence state for Ni.>>*’

3.3 | Electrochemical testing

The electrochemical characteristics of the HEO850/S/KB
and S/KB composite cathodes were evaluated by the
cyclic voltammetry (CV) in the voltage range of 1.7-2.8 V

(vs. Li/Li*) at 0.1 mV s ' (Figure 4A). Two prominent
cathodic reduction peaks in the voltage ranges of 2.2-
2.28 V (peak I) and 1.9-2.02 V (peak II) are observed and
could be associated with the reduction of sulfur (Sg) into
the soluble long-chain polysulfides Li,S, (4 < x < 8) and
the subsequent conversion of these species to the insolu-
ble Li,S,/Li,S, respectively,*® while two anodic oxidation
peaks at 2.3-2.32 V (peak III) and 2.37-2.4 (peak IV) are
also detected, characterizing the corresponding reverse
reactions. Both the reduction peaks (i.e., peak I and peak
1) of the HEO850/S/KB cathode are intensified with larger
CV area and smaller voltage gaps of ~40 and ~300 mV
from the corresponding oxidation peaks, as compared to
the routine S/KB cathode with the voltage gaps of ~50 and
~320 mV, thus indicating the fast redox kinetics. The posi-
tive voltage shift for the reduction peak II is also more
prominent in the HEO850/S/KB cathode, which implies
the vital progress given the slow kinetics of the second dis-
charge plateaus.*™* Additionally, overlapping CV curves
during the first five cycles signifies the superior reversibility
of the HEO850/S/KB cathode (Figure 4B). This enhanced
redox kinetics could be attributed to the catalytic activity of
HEO850, which efficiently converts the polysulfides in the
ongoing reduction cycles.**
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FIGURE 4 (A) Comparison on cyclic voltammetry of HEO850/S/KB and S/KB cells; (B) CV curves of first five cycles of HEO850/S/KB

cells at 0.1 mV s™%; (C) Galvanostatic charge and discharge plateaus at the 1st cycle of HEO850/S/KB, MEO850/S/KB, LEO850/S/KB and
S/KB at 0.1 C; (D) Charge-discharge curves recorded for first 100 cycles at 0.5 C; (E) Cycling performance of HEO850/S/KB compared with
MEO850/S/KB, LEO850/S/KB, and S/KB at 0.5°C for 100 cycles at E/S ratio of 15 ul mg™*.; (F) Comparison of rate performance at various C
rate; (G) Comparison on long term cycling stability of HEO850/S/KB, MEO850/S/KB, LEO850/S/KB and S/KB cells at 0.5 C at E/S ratio of

15 ul mg™ .

Galvanostatic charge and discharge curves for the
individual first cycle of the HEO850/S/KB, MEO850/S/
KB, LEO850/S/KB and S/KB cells at 0.1 C are compared
with results shown in Figure 4C, where the changes in
the well-defined discharge plateaus reflect the electro-
chemical activity of the sulfur-containing cathodes. As
the high voltage plateaus are accountable for the LiPSs
diffusion and the well-known shuttling effect, efficient
anchoring of these polysulfides within the cathodes can
guarantee the higher discharge capacity in both the high-

voltage region and subsequent low-voltage regions. As
expected, two discharge plateaus at ~2.3 and ~2.03V
and one charge plateaus at ~2.32 V are prolonged for the
HEO850/S/KB cathode as compared to the MEO850/S/
KB, LEO850/S/KB and S/KB cathodes, which are consis-
tent with the redox process as depicted in the CV curves
and reveal the better electrochemical performance. Fur-
thermore, the higher potential gap between the charge
and discharge plateaus can imply the sluggish reaction
from the soluble to the insoluble polysulfides and vice
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versa. Thus, the evident lower polarization potential gap
(AE = ~200 mV) of the HEO850/S/KB cathode in compar-
ison with those of the MEOS850/S/KB (AE = ~240 mV),
LEO850/S/KB (AE = ~260mV) and S/KB
(AE = ~280 mV) cathodes could indicate the more effi-
cient electrochemical redox reaction. The discharge capac-
ity (Qu) from the high-voltage region is associated with the
reduction of sulfur to the soluble long-chain polysulfides,
while the capacity (Qp) from the low-voltage plateaus is
due to the ongoing conversion of these polysulfides to the
insoluble species. Figure 4D shows the charge/discharge
curves of the HEO850/S/KB cathode at 0.5 C for the 1st,
2nd, 5th, 10th, 15th, 20th, 30th, 50th, and 100th cycles with
a slight variation of Qy/Qy, ratio from 0.37 to 0.35. This var-
iation could be attributed to small increase in polarization
with prolonged cycling. These results also indicate the fac-
ile and reversible conversion of both long and short chain
polysulfides enabled by cumulative effect of the numerous
randomly dispersed active sites in the HEO850. It is espe-
cially important as the higher concentration of soluble lith-
ium polysulfides can significantly exacerbate the failure of
the Li-S batteries.

Additionally, the cycling performance of the
HEO850/S/KB, MEO850/S/KB, LEO850/S/KB, and S/KB
cathodes at 0.5 C with the areal sulfur loading of
~1.2 mg cm 2 and the electrolyte to the sulfur ratio (E/S)
of 15 pl mggup,  is shown in Figure 4E. The HEO850/S/
KB cathode delivered an initial discharge capacity of
~1244 mAh g, which was retained at ~1137 mAh g~ *
after 100 cycles with the superior retention of 91% and an
average Coulombic efficiency of ~99.5%. In contrast,
MEOS850/S/KB, LEO850/S/KB, and S/KB delivered
lower initial discharge capacities of ~980, ~908, and
~966 mAh g*1 with the capacity retention of 62%, 65%,
and 61%, respectively. The outstanding cycling perfor-
mance of the HEO850/S/KB cathode can be attributed to
the more exposed active metal sites within high-entropy
metal oxides to anchor LiPSs efficiently.

Rate performance of the HEO850/S/KB cathode is
also compared with the MEO850/S/KB, LEO850/S/KB,
and S/KB cathodes at the successive current densities of
0.1, 0.2, 0.5, 1, and 0.1C. As shown in Figure 4F, the
HEO850/S/KB cathode displays the specific discharge capac-
ities of ~1513, ~1330, ~1147, ~985, and ~1236 mAh g71
at different current densities with the 82% of capacity recov-
ery on quick return to 0.1°C. In comparison, the MEO850/
S/KB, LEO850/S/KB, and the routine S/KB cathodes only
display the comparatively lower capacity along with inferior
retention of 59%, 78%, and 72%, respectively. This superior
electrochemical performance of the HEO850/S/KB cathode
could be again attributed to the affluent and randomly dis-
persed active metal sites of HEO850 that capture the poly-
sulfides efficiently. Moreover, the long-term cycling stability

by virtue of LIPSs confinement is considered to be a decisive
parameter that makes lithium-sulfur cells viable for practical
applications. The first cycle-specific discharge capacity of
HEO850/S/KB (~1244 mAh g™ ") is significantly higher than
those of MEOS850/S/KB (980 mAh g '), LEO850/S/KB
(908 mAh g '), and S/KB (966 mAh g '), and the retention
capacity is ~784 mAh g~' with superior Coulombic effi-
ciency of ~99.6%, demonstrating outstanding cycling stabil-
ity with a negligible capacity decay of 0.043% per cycle at
0.5 C after 800 cycles. Compared to HEO850/S/KB cells,
MEOS850/S/KB, LEOS850/S/KB, and S/KB cells exhibited
severe capacity decay and reached around ~500 mAh g *
with a higher decay rate of 0.37%, 0.34%, and 0.38% after
100 cycles, as shown in Figure 4G. The electrochemical per-
formances of HEO850/S/KB cathode in comparison to sev-
eral literature reports are also summarized in Table S3.

Self-discharge is also one of the significant factors
affecting the practical application of secondary Li-S bat-
tery. To identify the role of HEO850 as an inhibitor
towards self-discharge, cells (with an areal sulfur loading
of 1 mg cm™?) were galvanostatically charged-discharged
at 0.1 C and rested for 72 h at 2.2 and 2.1 V, respectively
(Figure 5). The first cycle is considered as a conditioning
cycle that makes the battery condition comparable, while
the next cycle is for checking the regular capacity. In the
3rd cycle, the battery was discharged up to a specific volt-
age of 2.2 V and rested for 72 h, as shown in Figure 5A.
During the resting period, the open-circuit voltage was
monitored and found to have no significant drop while
the cell capacity maintained within ~1091 mAh g~ * and
~1200 mAh g~! (Figure 5B). Afterwards, the cell was
charged and discharged for several cycles to check the reg-
ular capacity. Then, the 8th cycle was discharged to 2.1 V
and rested for 72 h. Interestingly, after the resting pro-
cesses, the cell delivered a capacity of ~1095 mAh g™/,
comparable to the regular discharged capacity of
~1058 mAh g_1 (Figure 5B). These results are consistent
with those published in literature,* suggesting that there
is no self-discharging in HEO850/S/KB in the second pla-
teau. Hence, HEO850 could inhibit the polysulfide shut-
tling and facilitate the fast conversion of higher-order
polysulfide to lower-order ones.

Moreover, with the rate increased to 2 C and 4 C, the
HEO850/S/KB cathode can still present the stable cycling
performance with the retention of 84% from the initial
capacity of 699 mAh g~ at 2 C and that of 73% from
529 mAh g~ ' at 4 C (Figure 6A). Meanwhile, to verify the
synergistic effect of the randomly distributed multi-metal
in HEO850 in anchoring LiPSs, the performance of
HEO850/S/KB cathode is compared with that of the
single-metal oxide systems. The NiO/S/KB cathode was
therefore assembled and controlled similarly, which
exhibited poorer electrochemical performance with an
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initial discharge capacity of ~737 mAh g ' at 0.5 C and
61% retention after 100 cycles (Figure 6B). It is evident
that the affluent and randomly dispersed active metal
sites exposed by HEO850 play a vital role in controlling
LiPSs to ensure the stable cycling performance of Li-S
batteries. When the sulfur loading is increased from ~1.2
to ~4.4 mg cm 2, in first few cycles the HEO850/S/KB
cathode and S/KB cathode exhibits comparable electro-
chemical performance. Afterwards the positive catalytic
effect of HEO850 could be seen, which accelerated reac-
tion kinetics, and the battery showed stable cycling for
100 cycles with capacity retention of 85% with respect to
initial discharge capacity of 1044 mAh g~' at 0.1 C. In
comparison, bare S/KB electrodes displayed poorer per-
formance and its capacity retention dropped to 63% after
80 cycles because of sluggish reaction and possible shut-
tle effect without HEO850 (Figure 6C). As low E/S ratio
is crucial for the practical application of Li-S batteries.
Figure S10 shows the stable cycling peformance
of HEO850/S/KB cathode at low E/S ratio of 5 ul mg™".
The HEOS850/S/KB cathode at high sulfur loading of
44 mgcm > delivered initial discharge capacity of
~850 mAh g ' at 0.1 C and retained at ~690 mAh g~ *
after 50 discharge—charge cycles. These results idicate the
fesiabilty of fabricated HEO850 with novel MOFs tem-
plate method for Li-S batteries. Furthermore, the bulk
electrolyte resistance of the HEO850/S/KB, MEO/S/KB,
LEO/S/KB, and S/KB cathodes obtained from the EIS

measurement is comparable at the high-frequency region.
In contrast, the semicircle at the middle-frequency region
of HEO850/S/KB is significantly smaller, indicating a
favorable lessening of the interfacial impedance between
the electrode and electrolyte to enhance the charge trans-
fer effectively (Figure 6D). The relatively small impedance
also suggests the Li-ion transporting behavior in the
HEO850/S/KB cathode could be improved, which ulti-
mately benefits the enhanced electrochemical activity of
the sulfur electrodes for Li-S batteries.

To probe the catalytic performance of HEO850 during
the polysulfide conversion processes, symmetric cells
with HEO850/KB acting as both the working and counter
electrodes and cells with KB were assembled using 0.2 M
Li,Se as the electrolyte. The CV tests were first carried
out at a scan rate of 10 mV s~ in the voltage window of
—1 to 1 V. As displayed in Figure 7A, the HEO850/KB
cell exhibits distinct and more significant current density
than the KB cell, demonstrating that HEO850 is benefi-
cial for the fast conversion of LiPSs.*® To further investi-
gate the reaction kinetics, the CV measurements of the
HEO850/S/KB and S/KB cells at various scan rates from
01 to 0.5 mVs ' were conducted (Figure 7B,C).
Although the increase in the scan rate does not bring in
any significant variation of the shape of CV curves, indi-
cating electrochemical stability, the slope of the linear fit-
ting of the maximum peak current and the square root of
the scan rate (Ip/V®?) is higher for the HEO850/S/KB
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cathode than the bare S/KB cathode, thus validating the
fast ion diffusion (Figure 7D-F).

3.4 | Anchoring mechanism
investigation

To further evaluate the catalytic activity of HEO850 and
its interaction with LiPSs, ex-situ XPS analyses on the
HEO850/S/KB cathode before and after 100 cycles were
carried out, where the interaction was mainly manifested
by the Mg 1s, Ni 2p, Zn 2p, and Ols spectra. The XPS
peak for Mg 1s at 1302.5 eV is integrally shifted to
1304.9 eV with an obvious shift of 2.4 eV after cycling
(Figure 8A), while the peaks for Ni 2p;/, and Ni 2p;,, are
respectively shifted by 3.1 and 4.3 eV towards higher
binding energies (Figure 8B). The results indicate that
Mg and Ni may contribute to the vigorous redox activity
and prominent interaction between HEO850 and LiPSs.
The binding energies of Zn 2p;,, displayed a positive shift
of 1.3 eV (Figure 8C), indicating the interaction of LiPSs
and HEOs and these results are also in accordance with
the published report.** Furthermore, the high-resolution

spectra of O 1s showed a positive shift of 0.6 eV after
cycling (Figure 8D), which resulted from the interaction
of Li and O presumably.'”*”*® According to previous
studies, raising the binding energy of O1s would increase
the activity and mobility of oxygen species, which could
facilitate the bonding of O species in HEO to Li species in
LiPSs.* These XPS results revealed that large peak shift
(0.6 ~ 2.0 eV) of metal elements should be attributed to
the chemical reactions of HEO850 with polysulfides
during cycling processes which was further confirmed in
ex-situ XRD.

The morphology evolution of the HEO850/S/KB cath-
ode before and after cycling at 0.5 C is also observed. The
porous structure significantly disappears after cycling
(Figure S11), which could be due to the contact between
the cathodes and the electrolyte and is beneficial to the
decrease in the transport distances of LiPSs and electrons.
This could further contribute to the enhanced electro-
chemical performance.

As an important analysis means, the ex-situ XRD
measurement is performed with 20 ranging from 28° to
64°, which could probe the structural stability of HEO850
during the electrochemical processes. The HEO850/S/KB
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FIGURE 7 (A)CV curves of symmetric cells demonstrating the catalytic activity of HEO850; (B) CV curves of HEO850/S/KB cells at

various scan rates; (C) CV curves of S/KB cathode at various scan rates; (D) Linear fitting for the anodic peak (A1) current and the square

root of scan rate; (E) Linear fitting for the cathodic peak (C1) current and the square root of scan rate; (F) Linear fitting for the cathodic peak

(C2) current and the square root of scan rate.

cells were discharged and charged up to specific cut-off
voltages, which were then disassembled for the XRD
measurement (Figure 9). The XRD peak at 33.5° is associ-
ated with Li,O in the disassembled cathode after dischar-
ging down to a voltage of 2.0, 1.9, 1.8, or 1.7 V. It also
appears upon charging at 2.1 V because there are more
Li" presenting in the cathode (HEO850/S/KB) when
exposed in air. This peak disappears for the cathode upon
charging at 2.3 to 2.8 V because the Li* move towards
the lithium metal anode. Interestingly, during the dis-
charge process (2.0 to 1.7 V), two obvious peaks at ~29.7°
and ~34.7° emerge and could be ascribed to MgS
(PDF#04-007-3406) and NiS (PDF#00-002-1280), respec-
tively. Both peaks are disappeared on subsequent charg-
ing process (2.3 to 2.7 V), indicating that Mg and Ni play
the vital role in efficient polysulfide anchoring via chemi-
cally reacting with polysulfides, which is ultimately
favorable for the long cycling life of the battery. These
are also consistent with the XPS results (Figure 8) that
indicate the chemical reaction of HEO850 with lithium
polysulfides during the redox cycling process. In parallel,
the peak at ~34° of the fully charged cell (2.7 V) suggests
that the higher lithium polysulfides are converted to the
elemental sulfur (Sg). Nevertheless, the strong peaks at

36.7°, 42.7°, and 62.0° for HEO850 remained unchanged
during discharging and charging processes, confirming
that the HEOS850 structure is stable. In addition, we have
also observed that HEO850 had transitioned from oxide
to sulfide, including NiS,, Cu;S,, and CoS phases which
may also play the catalytic role for stable cycling.

These results indicate that, the LiPSs could be effec-
tively anchored by the exposed active sites of HEO850 dur-
ing charging and discharging cycles, according to XPS and
ex-situ XRD data. Ni, Zn, Mg, and O, in particular, were
critical in chemically encapsulating the shuttle species. The
chemical anchoring effect causes considerable shifts in the
peaks in XPS spectra of the aforementioned metal species
of HEO850, implying mutual electron transfer between
HEOB850 and LiPSs, which is advantageous for enhanced
electrochemical performance. In summary, the XPS analy-
sis examines the interaction between HEO850 and LiPSs
and finds that the bonding effect of Li-O and Ni-S signifi-
cantly improves polysulfide immobilization and that the
synergistic effect of multielement in HE850 contributes to
polysulfide absorption and electrochemical conversion.
Meanwhile, ex-situ XRD confirmed that anchoring phe-
nomenon continues during the charge and discharge pro-
cess without imparting structural changes on HEO850.
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4 | CONCLUSION

In conclusion, an effective sulfur-host material, that is,
HEO850, is successfully synthesized through a novel low-

FIGURE 8
X-ray photoelectron

High-resolution

spectrometer (XPS) spectra of
(A) Mg 1s, (B) Ni 2p, (C) Zn 2p,
and (D) O 1s before and after
100 cycles at 0.5 C.

FIGURE 9 Ex-situ X-ray
diffractometer (XRD)
measurement on the HEO850/S/
KB cathode at various
discharging and charging
conditions.

temperature template route by employing the self-
sacrificing M-MOFs. The as-obtained HEO containing

five homogeneously distributed metal elements, that is,
Ni, Mg, Cu, Zn, and Co, exhibits a single-phase rock-salt
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structure. By tuning the synthesis temperature and the
composition of HEO, the obtained HEOS850 is proved to
exhibit entropy-dominated phase stabilization. When used
in the Li-S batteries, the HEO850/S/KB cathode exhibits
improved specific discharge capacity of ~1513, ~1330,
~1147, and ~985mAhg ' at 0.1 C, 02 C, 0.5 C, 1 C,
respectively, which could be retained at ~1236 mAh g '
after returning to 0.1 C. The HEO850/S/KB performs
much superiorly to those of MEO850/S/KB, LEO850/S/
KB, and S/KB cathodes. As for the cycling stability, the
HEOS850/S/KB cathode can deliver a specific initial dis-
charge capacity of 1244 mAh g ! at 0.5 C, in comparison
with those of MEO850/S/KB (~980 mAh g '), LEO850/S/
KB (~908 mAh g '), and S/KB (~966 mAh g '). The
HEO850/S/KB could retain its capacity at 784 mAh g~
with an enhanced Coulombic efficiency of ~99.6% after
800 cycles and a capacity decay of 0.043% per cycle. This
excellent electrochemical performance could be attributed
to the catalytic activity of HEO850 that can efficiently
anchor LiPSs. This work demonstrates that HEO enhances
the electrochemical performance of Li-S batteries through
efficient chemical immobilization of LiPSs and provides a
novel technique to synthesize the entropy-stabilized HEOs
at a relatively low anealing temperature (850°C) for energy
conversion and storage applications.
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