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ABSTRACT: Performance improvement of lithium-sulfur batteries (LSBs) is
restricted by the dissolution and shuttle of lithium polysulfides (LiPSs). Prussian
blue analogs (PBAs) and their derived nanomaterials are ideal sulfur-fixing materials
owing to their abilities to anchor LiPSs, accelerate redox conversion, and smooth
Li,S precipitation. Herein, the hollow Co,Fe; ,O, heterostructure nanocages with ,’

highly interconnected pore architecture obtained by a PBA-assisted strategy are e e

synthesized to overcome the abovementioned obstructions of LSBs. It is found that k Heterostructure
the bimetallic oxide-based heterostructure can not only inhibit LiPS diffusion via ._/

forming metal—sulfur bonds but also accelerate the LiPS conversion kinetics. q' ﬂ

Meanwhile, the hollow porous structure contributes to the physical confinement of " Red 3 -

LiPSs and acts as a buffer for the volume change. Thereby, the rate capability and ,: m foemer 9 fuon =00
cycling stability of hollow Co,Fe; ,O,@S composite electrodes have been improved TS LT
significantly. As a result, the hollow Co,Fe; ,O,@S cell displays an excellent initial
capacity of 1301.6 mAh g™' at a current density of 200 mA g~'. Even at 1 A g7/, it
exhibits an outstanding initial capacity of 898.9 mAh g~' with a negligible capacity loss rate, which is only 0.106% per cycle after S00
cycles. This work provides a new perspective for the construction and design of multifunctional hollow heterostructure materials for
more efficient and stable LSBs.
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B INTRODUCTION

Recently, with the growing demand for electronic equipment

widely researched because of their superior electroconducti-
bility and high surface areas. Nevertheless, the nonpolar carbon

with high energy and power density, the development of new
rechargeable battery systems has been urgently needed. Owing
to the high ideal energy density (~2500 Wh kg™")," lithium-
sulfur batteries (LSBs) with high-capacity sulfur and light-
weight lithium become one of the most potential nominees.
Although a sulfur cathode possesses lots of advantages” (cost
effectiveness, rich reserves, environmental friendliness, and
superior theoretical specific capacity (1675 mAh g™')), there
still exist several obstacles, including the low electronic
conduction of S and Li,S/Li,S,, the large volume change,
and the “shuttle effect”, which cause the loss of active materials,
the damage to the electrode structure, and the fading of
capacity.

To address these issues, especially to suppress the shutthng
of lithium polysulfides (LiPSs), abundant methods®™® have
been made, which can be classified as physical confinement,”
chemical adsorptlon, and catalysis.””'' Various composite

materials'”~"* have been apghed as sulfur hosts, such as carbon
materials,">™"7 polymers,'”"”  metal oxides,””*' metal ni-
trides,”> metal sulfides,”>** metal phosphldes,25 26 etc.

15,2731

Among them, different carbon materials are the most
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7 ACS Publications

that served as the physical barrier for LiPSs cannot retard
capacity fading after long-term cycling.’> By contrast, polar
materials”*** are more effective in forming strong chemical
bonds with LiPSs. Furthermore, to overcome the sluggish
reaction kinetics, electrocatalysis has been introduced.” ™’
Wang et al. reported an Fe-doped Co;0, sphere used as a
sulfur host through structure design and defect fabrication.*®
This material has a unique structure, strong chemical
adsorption ability, and abundant catalytic sites, which largely
improved the performance of LSBs. Therefore, when designing
a sulfur host, it is more efficient to combine physical
confinement, chemical adsorption, and catalysis to suppress
the shuttle effect.””
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In addition, metal—organic frameworks (MOFs) and their
derived materials*>*' have always been a hot spot in the
research of LSBs, which can immobilize LiPSs and catalyze
their conversion. As the representative materials of MOFs,
Prussian blue (PB) and its analogs (PBAs) have drawn
considerable attention owing to their tunable chemistry and
the possibility to derive many other nanomaterials.”” In the
previous research of our group,43 it has been found that PB is a
potential material for LSBs with improved electrochemical
performance. The related nanomaterials>>**~*® of PB/PBAs
inherit their advantages, such as the low cost, large surface area,
facile synthesis, intrinsic open framework, interconnected
pores, and hierarchical pore sizes, which can promote charge
transfer and increase sulfur storage. Hence, a range of active
nanomaterials derived from PB/PBAs used as sacrificial hosts
has been studied, such as NiO-NiCo,0,@C,"” NiO-Co,0,@
C,*° Ni-Fe-P/NC,*” CoP/C*® Fe203,51 etc. In particular,
PBA-derived bimetallic oxide-based heterostructure materials
are reported to be a suitable sulfur host because bimetallic
oxides have more abundant active sites and stronger
interaction with polysulfides compared with monometallic
oxides due to their excellent synergetic effects and hybrid
orbitals,’> and the heterostructure can enhance the phys-
icochemical properties of high adsorption and strong
catalysis.””*’ Therefore, PBA-derived bimetallic oxide-based
heterostructure materials are anticipated to serve as multifunc-
tional sulfur hosts for advanced LSBs.

Herein, in order to impede the shuttle effect more
effectively, the PBA-derived bimetallic oxide-based hetero-
structure material (hollow Co,Fe;_,O,) is fabricated from the
cobalt-ferrum-based Prussian blue analog (Co-Fe PBA)
precursor to serve as both the sulfur host and the catalytic
substrate. First, the hollow porous structure can offer more
space for sulfur particles and relieve the change in volume
during cycling. Second, the Co-Fe-O heterostructure nanoc-
ages have adequate chemical adsorption sites to anchor the
intermediate polysulfides and facilitate polysulfide conversion.
Third, the interconnected pores are conducive to the lithium
ion transport and electrolyte permeation, thereby further
accelerating the reaction kinetics. As a result, the hollow
Co,Fe; ,O,@S electrode exhibits improved cycling stability
and considerable high-rate capability.
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B EXPERIMENTAL SECTION

Material Synthesis. Preparation of Co-Fe PBA. In a typical
synthesis, 0.02 M potassium ferricyanide solution, 0.03 M aqueous
solution of cobalt nitrate, and 0.9 mmol of sodium citrate were mixed
by stirring for 5 min at first and then stood for 24 h. After filtration
and washing with deionized water, the precipitate was freeze-dried
overnight to obtain the Co-Fe PBA precursor.

Synthesis of Hollow Co-Fe PBA. Ammonium hydroxide (S mL) in
20 mL of deionized water was added into 20 mg of Co-Fe PBA in 10
mL of ethanol and stirred for 9 h at room temperature to form the
hollow Co-Fe PBA.

Fabrication of Hollow Co,Fe;_,0,. The as-prepared hollow Co-Fe
PBA was annealed in O, at 350 °C for 6 h to obtain the hollow
Co,Fe;_,O, nanocages.

Synthesis of Hollow Co,Fe;_,0,@S. The hollow Co,Fe;_.O,
nanocages and the sulfur particles were mixed at a certain mass
ratio and then transferred to a sealed glass tube in vacuum. After that,
the tube was heated at a temperature of 155 °C for 10 h to prepare
the hollow Co,Fe;_ . O,@S composite.

For comparison, Co;0, and Fe,O; were also prepared to use as the
host materials via the same procedure from the cobalt-based Prussian
blue analog (Co PBA) and ferrum-based Prussian blue (Fe PBA)
precursors.

Material Characterization. The X-ray diffraction measurement
(XRD, MiniFlex 600 Benchtop) in a range of 260 of 5°—85° with Cu
Ka (4 = 0.15418 nm) radiation was used to characterize the crystal
structure and phase of samples. The materials’ morphologies, energy-
dispersive spectroscopy (EDS) mapping analysis, and structures were
obtained using scanning electron microscopes (SEM, TM3030, and
ZEISS GeminiSEM 500) and a high-resolution transmission electron
microscope (HRTEM, JEM-2100). Thermogravimetric analysis
(TGA) was performed using an STA449FS analyzer. The Brunauer-
Emmett-Teller (BET) surface areas and the samples’ pore diameters
were obtained using an ASAP 2020 instrument. The surface elements
of products were recorded by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha).

Visualized Adsorption Test. To prepare the Li,S solution, Li,S
and S (1:5 in molar ratio) were added into the solvent that contains
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1, v/v)
with stirring at 60 °C. Subsequently, acetylene black (AB), hollow
Co,Fe;_,0,, Co;0,, and Fe,0; (20 mg) were added to 3 mL of S
mM Li,S, solution. After 24 h, the supernatant liquid was collected for
the ultraviolet—visible spectrophotometry measurement (UV—vis,
Lambda 1050).

Electrochemical Characterization. Li-S Cell Assembly and
Measurements. The active material (hollow Co,Fe,_,0,@S), AB,
and a polyacrylic latex binder (LA132) were dispersed uniformly in
deionized water with a mass ratio of 7:2:1, coated on the aluminum
foil, and dried at 60 °C in a vacuum oven overnight to obtain the

https://doi.org/10.1021/acssuschemeng.1c04036
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Figure 2. (a) XRD patterns of Co-Fe PBA, Co PBA, Fe PBA, hollow Co,Fe;_,0,, Fe,0, Co;0,, and hollow Co,Fe;_,0,@S. (b—d) SEM images
of Co-Fe PBA, hollow Co-Fe PBA, and hollow Co,Fe; ,O,. (e—i) EDS mapping of hollow Co, Fe;_,O,.

working electrodes. Then, the electrodes were punched into disks
with a sulfur loading amount around 1 mg cm™ The CR2016 coin-
type cells were applied for electrochemical measurements, in which
the hollow Co,Fe;_ O,@S electrode, Celgard 2400 film membrane,
and lithium foil were used as the working electrode, separator, and
counter electrode, respectively. A traditional electrolyte (S0 uL) was
added to each cell. The traditional electrolyte was made by dissolving
1.0 M lithium (trifluoromethanesulfonyl) imide (LiTFSI) and a 1 wt
% LiNOj; additive into a mixed solvent of DOL and DME (1:1, v/v).
The assembly process took place in an Ar-filled glove box. Cyclic
voltammetry (CV) tests were recorded at diverse scan rates in a
voltage region of 1.5—3.0 V using a CHI 660E electrochemical
workstation and MetrohmAutolab PGSTAT-302N instrument.
Galvanostatic charge and discharge (GCD) measurements were
conducted on Neware battery testers in a voltage region of 1.7-2.8 V.
In situ electrochemical impedance spectroscopy (EIS) was carried out
using a MetrohmAutolab PGSTAT-302N from 100 kHz to 10 mHz.

Symmetric Cell Assembly and Measurements. A symmetric cell
was prepared in the same way mentioned above by using the hollow
Co,Fe;_,O, as an active material. For the symmetric cell, both the
working and counter electrodes used the hollow Co,Fe;_ O,
electrodes with 40 uL of Li,S4 electrolyte. The Li,S4 electrolyte was
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made by dissolving Li,S and S (1:5 molar ratio) into the traditional
electrolyte. The symmetric cell of hollow Co,Fe; O, with the
traditional electrolyte and the symmetrical cell of AB with the Li,Sq
electrolyte were used for comparison. CV tests were measured at
various scan rates from —1 to 1 V.

Nucleation Measurements of Lithium Sulfide. The measurements
were conducted in lithium-based asymmetrical cells. The hollow
Co,Fe;_,O, material (1 mg) loaded on carbon paper (CP) was
applied as a working electrode with 25 uL of Li,Sg solution (Li,S and
S in the tetraglyme solution with a molar ratio of 1:7) as a catholyte
and 25 pL of traditional electrolyte as an anolyte. For the Li,S
nucleation and growth measurement, the assembled cells remained
potentiostatic at 2.05 V until the charge current was below 10™° A
after a galvanostatic discharge to 2.06 V.

B RESULTS AND DISCUSSION

The hollow Co,Fe; ,O, nanocages are fabricated through
facile and scalable methods (Figure 1). At first, the Co-Fe PBA
is synthesized by the self-assembly of potassium ferricyanide,
cobalt nitrate, and sodium citrate. Then, the as-prepared
powder is etched by ammonia to get the hollow Co-Fe PBA

https://doi.org/10.1021/acssuschemeng.1c04036
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Figure 3. (a, b) TEM images of hollow Co-Fe PBA and hollow Co,Fe;_,O,. (c) SAED pattern of hollow Co,Fe;_,O,. (d) HRTEM image of
hollow Co,Fe;_,O,. (e) Scheme of the advantages of the hollow Co,Fe;_,O,@$ heterostructure as LSB cathodes.

precursor. After that, the treated product is calcined in a
furnace filled with oxygen to obtain the hollow CoFe; O,
nanocages. Owing to the lattice defects and compressive stress
during the calcination of crystal growth, the hollow
Co,Fe;_,O, forms an interphase boundary called a hetero-
structure. In Figure 2a, the crystal structures of the as-
synthesized precursors and the target products are charac-
terized by XRD. The peaks at 18.38, 23.77, 30.24, 35.63, 43.28,
5727, 62.93, and 74.471° are related to the (111), (210),
(220), (311), (400), (511), (440), and (533) planes of Fe,O;.
Meanwhile, the peaks at 19.0, 31.27, 36.85, 44.8, 55.66, 59.36,
65.24, and 77.34° refer to the (111), (220), (311), (400),
(422), (511), (440), and (533) planes of Co;0,. The
diffraction peaks of hollow Co,Fe; ,O, match well with
Fe,0, (PDF#39-1346) and Co,0, (PDF#42-1467).

The morphologies of Co-Fe PBA, hollow Co-Fe PBA, and
hollow Co,Fe;_,O, materials characterized by SEM are
presented in Figure 2b—i. The Co-Fe PBA precursor exhibits
a cubic shape with smooth facets and uniform particle sizes
around 250—300 nm. Also, the average particle size does not
change significantly during the etching process. After the
calcination, it can be seen clearly that the particle maintains the

cubic morphology formed by the accumulation of abundant
small nanoparticles, but the surfaces become rough and
poriferous, which may be caused by the emission of gaseous
molecules’” (Figure 2d,e). This structure is beneficial for sulfur
to melt into the hollow interior. EDS mapping results (Figure
2f—h) demonstrate the existence of Fe, Co, and O elements
that distribute uniformly on the surface of nanocages. The
surface areas and pore diameters of the hollow Co,Fe;_,O, and
hollow Co,Fe; ,O,@S are obtained by the BET test. The
results prove that sulfur indeed infiltrates into the channels
(Figure S1).

TEM and HRTEM are performed to further investigate the
structures and morphologies of the hollow Co-Fe PBA and
hollow Co,Fe; ,O,. Figure 3a clearly shows a four-pointed
star-like hollow structure of the particles after ammonia etching
(hollow Co-Fe PBA). Also, the cubic cage structure is
maintained during the annealing process in oxygen (Figure
3b). The unique hollow structure could achieve high sulfur
loading, prevent the outward diffusion of LiPSs, and relieve the
volume change in the process of charge and discharge. In
Figure 3c, the selected area electron diffraction (SAED)
picture shows many dots and rings, further indicating the
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Figure 4. (a) Cycling performances of the hollow Co,Fe;_,0,@S, Fe,0;@S, Co;0,@S$, and sulfur cells at 0.2 A g~". (b) Discharge/charge curves
at different cycles of the hollow Co,Fe;_,O,@S at 0.2 A g™". (c) Cycling performance of the hollow Co,Fe,_,O,@S cell with a high sulfur loading
at 0.2 A g~'. (d) Discharge/charge curves at diverse current densities of the hollow Co,Fe;_,0,@S. (e) Cycling performances of the hollow
Co,Fe;_,0,@S and sulfur electrodes at 0.5 A g™'. (f) Long-term cycling stability of the hollow Co,Fe;_,0,@S$ and sulfur cells at 1 A g™". (g) Rate
performances of the hollow Co,Fe;_O,@S and sulfur cells.

presence of the crystalline (220), (311), (400), (422), and This observation demonstrates that the hollow Co,Fe;_ O,
(511) phases, which is in conformity to the XRD results. The nanocage is a heterostructure of Fe,O; and Co;0, domains
HRTEM image (Figure 3d) reveals the lattice fringe spacings with intimate interfacial conjunctions, which may expedite the
of 3.02 and 2.4S A, which are ascribed to the (220) crystal charge transfer and improve the LiPS conversion kinetics. The
plane of Fe,O; and the (311) plane of Co;0,, respectively. advantages of the hollow Co,Fe; ,O,@S heterostructure as
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at 50 mV s™L

LSB cathodes are shown in Figure 3e. The rapid lithium ion/
electron transport channels, the limitation of LiPSs, and the
catalytic conversion all contribute to the performance
improvement.

The electrochemical performances of the hollow
Co,Fe;_,O,@S applied as cathode materials for LSBs are
measured in a voltage region of 1.7—2.8 V. Because the hollow
Co,Fe;_,O, hosts basically do not provide capacity (Figure
S2), the capacities of the cells are calculated by the sulfur mass
fraction, which accounts for 73% (Figure S3). Figure 4a shows
the short-term cycling performance of hollow Co,Fe;  O,@S,
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Fe,0;@S, Co;0,@8, and S at 0.2 A g~*. Their initial discharge
capacities are 1301.6, 1221.7, 1018.1, and 905.6 mAh g_l,
respectively. The discharge capacities decrease to 787.6, 591.6,
531.1, and 425.8 mAh ¢! after 100 cycles, presenting the
capacity retentions of 60.5, 48.4, 52.2, and 47%, respectively.
Compared with Fe,O;@S, Co;0,@S, and S, the hollow
Co,Fe;_,O,@S electrode exhibits better electrochemical
performance. Figure 4b exhibits the curves of charge/discharge
at different cycles. There exists two voltage plateaus in the
discharge curves at approximately 2.3 and 2.1 V, which refer to
the reaction reducing Sg to LiPSs and then to Li,S,/Li,S.
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Figure 6. Current—time curves of the 0.1 M Li,Sg/tetraglyme solution on (a) hollow Co,Fe;_,O, and (b) bare CP substrates. In situ EIS plots of
the hollow Co,Fe;_,O,@S during (c) discharge and (d) charge processes.

Moreover, even with the high sulfur loading, the hollow
Co,Fe;_,O,@S material still has favorable discharge capacity
(Figure 4c). The initial discharge capacities of hollow
Co,Fe,_,O,@S at 02, 0.5, 1, 2, and S A g_l are 1301.6,
970.4, 898.9, 573.6, and 352.9 mAh g, respectively (Figure
4d). After 200 cycles, the hollow Co,Fe; ,0,@S electrode
maintains 569.4 mAh g”' at 0.5 A g”! (Figure 4e). The cycle
stability is further evaluated at the high current density (Figure
4f). The specific discharge capacity of the hollow
Co,Fe;_,0,@S electrode remains 423 mAh g™' after 500
cycles. In addition, the hollow Co,Fe; ,O,@S cell reveals good
stability during the rate capability test (Figure 4g). The
discharge capacity rises back to 758.4 mAh g~" with the current
density returning to 200 mA g~'. Meanwhile, compared with
most similar materials previously reported, the hollow
Co,Fe;_,O,@S material exhibits comparable electrochemical
performance (Table S1).

The lithium-ion diffusion coefficient (D;+) achieved by rate-
dependent CV (Figure Sa) is used for investigating the
conversion kinetics of LiPSs. As shown in Figure Sb, the
relationship between I, and 1°* is displayed by anodic (4,)
and cathodic (C; and C,) peak currents, which are associated
with the conversion of Li,S to Sg, Sg to LiPSs, and LiPSs to
Li,S,/Li,S, respectively. The fitted straight slopes of A}, C;,
and C, are 112.59, 64.67, and 90.08, respectively. D;;* can be
calculated on the basis of the Randles—Sevick equation as
follows:>*

I = 2.69 X 10°n"%aD >0 C; (1)

in which I, represents the peak current, Cj; refers to the
lithium-ion concentration, v corresponds to the scanning rate,
Dyt is the lithium-ion diffusion coefficient, a represents the
apparent surface area, and n refers to the electron transfer
number. Compared with the bare sulfur cell (Figure S4), the
slope of C, of the hollow Co,Fe; ,O,@S is larger, suggesting a
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higher Dyy. The faster lithium-ion diffusion and greater
reaction kinetics of the hollow Co Fe;_ O,@S electrode can
contribute to better electrochemical performance.

To assess the adsorption ability of the hollow Co,Fe;_.O,,
the Li,S4 solution is used for the adsorption test. As shown in
the inset of Figure Sc, comparing the blank solution with
others, the color of the supernatant after adding AB powder
hardly changes, while those of Fe,0; Co0;0, and hollow
Co,Fe; ,O, become darker after standing for 12 h. The
unexpected color change could be caused by the floating
materials in the electrolyte.”® All the supernatants are tested by
UV—vis absorption spectroscopy after dilution. From the
results, the order of absorption peak intensities of supernatants
is as follows: hollow Co,Fe;_,O, > Co;0, > AB > Fe,0;,
which may be associated with the chemical interaction,
physical precipitation, and especially chemical reaction.***

Accelerating reaction kinetics requires not only suitable
adsorption force but also strong catalysis. The -catalytic
capability of the hollow Co,Fe;_,O, is verified by the
symmetric cells. Figure 5d displays the polarization curves of
the symmetric cells. The current of hollow Co,Fe;_ O, in the
absence of Li,S¢ can almost be neglected. The current of the
hollow Co,Fe;_ O, cell with the Li,S¢ electrolyte is much
higher than that of the AB cell, sug§esting the boost of the
electrochemical reactions of LiPSs.””*” More importantly,
when the scan rates increase, the CV curves preserve the
original shapes with the peak currents increasing and shifting
(Figure Se). It suggests that the hollow Co,Fe;_,O, material
has an excellent catalytic ability for LiPS conversion.’®
Compared with Fe,O; and Co;0,, the current of hollow
Co,Fe;_,0, significantly increases (Figure 5f), demonstrating
that the bimetallic oxide-based heterostructure accelerates the
reversible conversion of LiPSs.””%’

To further investigate the kinetics, the Li,S electrodeposition
on CP is characterized. In Figure 6a,b, a monotonic reduction
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Figure 7. XPS spectra of the hollow Co,Fe;_,O, nanocages before and after adsorbing Li,Ss: (a) Fe 2p, (b) Co 2p, (c) O 1s, and (d) S 2p.

current during an initial “incubation” period is observed,
corresponding to the reduction from Li,Sg/Li,S¢ to Li,S, in
solution.®” After this period, there occurs a current peak, which
can be attributed to the nucleation of solid Li,S with growth to
impingement.”’ The Li,S nucleation capabilities are recorded
by the current.’” It is clear that the time of the maximum
current of hollow Co,Fe;_ O, is around 13,110 s, which is
earlier than that of CP (18,890 s). The earlier and higher
current peak (Figure 6a,b) indicates the enhancement of the
deposition kinetics on CP with hollow Co,Fe;_,0,.°>” The
inset SEM images in Figure 6ab reveal the deposition
morphology of Li,S on the carbon fiber. By comparison, it
turns out that the lithium sulfide is deposited more uniformly
and smoothly on the carbon fiber with the hollow Co,Fe;_ O,
nanocages, proving the outstanding electrocatalytic activity of
the bimetallic oxide-based heterostructure for the redox
reaction of LiPSs.

The in situ EIS measurement is performed to comprehend
the charge transfer at the interface of the electrode and
electrolyte.”> An EIS plot consists of the electrolyte resistance
(an intersection at high frequency, R,), the solid electrolyte
interface resistance (a semicircle at high frequency, R,), the
charge transport impedance (a semicircle in middle frequency,
R,), and the diffusion impedance (a sloping tail in low
frequency).®* During the discharge process (Figure 6¢), the R,
increases from 2.4 to 2.1 V. It is suspected that the generation
of LiPSs may enlarge the electrolyte viscosity, thereby
impeding the transport of lithium ions.”> When the formation
of Li,S starts to occur (<2.1 V), the resistance begins to
decrease because of the soluble species consumption. The
variations of R; and R are related to the formation of Li,S,/
Li,S and the decrease of Sg. At the initial discharge, the R,
decreases because of the diminution of solid sulfur, which
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remains as a more porous structure that enlarges the surface
and increases the charge transport. After that, the insulating
layer is formed on the electrode, leading to a smaller
electroactive surface and poor conductivity, resulting in the
increase of R...%* In addition, in Figure 6d, the evolution during
the charge process is just the opposite. During the processes of
charge and discharge, the uniformity of Li,S and sulfur on the
electrode surface is beneficial to reduce the impedance (Figure
SS5) and accelerate the reaction kinetics, which can improve the
electrochemical performance.

XPS is used to analyze the valence states of the elements and
the surface-adsorbed species. Figure S6 presents the peaks of
the Fe 2p, Co 2p, K 2p, and O 1s of the hollow Co,Fe;_O,.
The Co 2p and Fe 2p spectra consist of two shake-up satellites
and two spin-orbit (Figure 7a,b). For the spectra of Fe 2p
before adsorption (Figure 7a), it can be deconvoluted into Fe
2py), and Fe 2p;),. The existence of the Fe*" species is
confirmed by the peaks around 709.6 and 722.48 eV, while the
peaks at 711.5 and 724.7 €V indicate the subsistence of Fe** in
the material. Similarly, Figure 7b exhibits the spectra of Co 2p.
The peaks at 779.1 and 794.2 eV can be assigned to the Co®*
ion in the material, whereas the peaks near 780.4 and 795.5 eV
are attributed to the Co* ion.” After adsorbing Li,S, the peak
positions of Co 2p and Fe 2p shift to lower binding energies,
reflecting the strong interaction between Co/Fe atoms and
Li,Ss molecules.”® In addition, the O 1s spectra in Figure 7c
indicate the existence of different oxygen species, which
belongs to metal—O (529.1 eV) and surface OH™ groups
(531.8 eV). After adsorption, the peaks at 530.7 and 532.2 eV
could be attributed to metal-OH and H-OH formed by
moisture/oxygen. Figure 7d shows the spectra of S 2p. There
are four peaks at 164.08, 162.8, 162.25, and 161.28 eV,
corresponding to metal—S, S 2p; /5, and S 2p;,.""** Overall,
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the bimetallic oxide-based heterogeneous structure can inhibit
the LiPS diffusion by forming metal—sulfur bonds.

B CONCLUSIONS

In summary, the hollow Co,Fe;_,O, heterostructure nanoc-
ages are fabricated through an energy-eflicient method and
employed as a sulfur host for LSBs. The hollow and porous
structure enlarges the sulfur loading amount. In addition, the
Fe-Co-O heterostructure anchors polysulfides, accelerates the
LiPS conversion, and smooths the deposition of Li,S. The rate-
dependent CV test and in situ EIS manifest the good lithium-
ion diffusion and electron transfer capabilities. Furthermore,
the adsorption experiments and XPS spectra attest suitable
chemical bonding of the hollow Co,Fe; O, with polysulfides.
Equally important, the CV of symmetrical cells and the Li,S
precipitation test demonstrate the excellent catalysis of the
hollow Co,Fe;_ O, heterostructure, which ameliorates the
LiPS conversion kinetics. Therefore, the electrochemical
performances of the hollow Co,Fe; ,O,@S material are
greatly promoted. When the sulfur loading amount is about
3.5 mg cm™? the cells with the hollow Co,Fe;_,0,@S$ exhibit
remarkable cycling stability. The capacity retention is 71.6% of
the initial specific capacity (948 mAh g™'). The present study
is believed to give a new view on the defect engineering of
bimetallic oxides as sulfur hosts and their applications in LSBs.
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