batteries

Article

Facile Synthesizing Yolk-Shelled Fe304@Carbon Nanocavities
with Balanced Physiochemical Synergism as Efficient Hosts
for High-Performance Lithium-Sulfur Batteries

Lai Chen "2, Chenying Zhao 12, Yun Lu "**, Lingyi Wan 1'2, Kang Yan 1-2*©, Youxiang Bai 12, Zhiyu Liu 12,
Xulai Yang 23, Yuefeng Su 1-2* and Feng Wu 12

check for
updates

Citation: Chen, L.; Zhao, C.; Lu, Y,;
Wan, L.; Yan, K.; Bai, Y.; Liu, Z.; Yang,
X.; Su, Y.; Wu, E Facile Synthesizing
Yolk-Shelled Fe;Os@Carbon
Nanocavities with Balanced
Physiochemical Synergism as
Efficient Hosts for High-Performance
Lithium-Sulfur Batteries. Batteries
2023, 9,295. https://doi.org/
10.3390/batteries9060295

Academic Editor: Catia Arbizzani

Received: 31 March 2023
Revised: 26 May 2023
Accepted: 26 May 2023
Published: 29 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Beijing Key Laboratory of Environmental Science and Engineering, School of Materials Science and
Engineering, Beijing Institute of Technology, Beijing 100081, China

Beijing Institute of Technology Chongging Innovation Center, Chongging 401120, China

School of Advanced Manufacturing Engineering, Hefei University, Hefei 230601, China

*  Correspondence: luyun@bit.edu.cn (Y.L.); yankang@bit.edu.cn (K.Y.); suyuefeng@bit.edu.cn (Y.S.);
Tel.: +86-(010)-6891-8099 (Y.L., K.Y. & Y.S.)

Abstract: The severe “shuttle effect” of dissolved polysulfide intermediates and the poor electronic
conductivity of sulfur cathodes cause capacity decay of lithium—sulfur batteries and impede their
commercialization. Herein, we synthesized a series of well-designed yolk-shelled Fe30,@carbon
(YS-Fe304@C) nanocavities with different proportions of Fe3Oy as efficient sulfur hosts to stabilize
polysulfide intermediates. The yolk-shelled nanocavity architectures were prepared through a facile
method, which could effectively confine the active materials and achieve high conductivity. The
polysulfide intermediate shuttle was successfully suppressed by a physiochemical synergism effect
combining the retention of carbon shells and the adsorption of Fe304 nanoparticle cores. The highly
conductive carbon shell provides efficient pathways for fast electron transportation. Meanwhile, the
visible evolution of active materials and a reversible electrochemical reaction are revealed by in situ
X-ray diffraction. With the balanced merits of enhanced electrical conductivity of carbon shell and
optimal adsorption of Fe304 cores, the S/YS-27Fe304@C cathode (Fe304 accounts for 27 wt% in
YS-Fe30,@C) had the best electrochemical performance, exhibiting a high reversible specific capacity
of 731.9 mAh g~! and long cycle performance at 1 C (capacity fading rate of 0.03% over 200 cycles).

Keywords: lithium—sulfur battery; yolk-shelled structure; conductivity; chemical adsorption;
physiochemical synergism

1. Introduction

Rechargeable lithium-sulfur (Li-S) batteries possess various advantages, including a
high theoretical energy density (2600 Wh kg~! pairing with optimal quantity of lithium
anode), low cost, and being environmentally friendly, which are essential and favorable
for energy storage [1,2]. However, the commercialization of Li-S batteries is hindered due
to some intractable problems. The tough obstruction originates from the multi-electron
reaction in the Li-S battery system, owing to complicated phase transformation and multi-
step transfer processes [3,4]. The major issues are the poor electrical conductivity and
inert solubility of active materials. The insoluble nature and insulation of sulfur and
LiyS;/Li2S (5 x 10730 S em™1 and 107# S em ™1, respectively, at 25 °C) result in their
deposition propensity, further leading to the passivated material interfaces and sluggish
reaction kinetics [5]. In addition, the notorious shuttle effects caused by the dissolution and
migration of lithium polysulfide intermediates (LiyS4—LiySg) contribute to rapid capacity
degradation and low coulombic efficiency of Li-S batteries [6]. The shuttle effects not only
lead to active material loss but also bring about side reactions on the lithium anode that
accelerate the lithium dendrite growth [7].
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Tremendous efforts have been made to overcome the abovementioned issues, such as
construction of a high-performance cathode, protection for the lithium anode, and modifi-
cation on the separator [8-10]. It is worthwhile to note that the Li,S, to Li,S conversion
process plays a pivotal role, to which close attention has been paid by major previous
research works because this conversion process provides three-quarters of the theoretical
capacity [11]. However, the high recoverable capacity of Li-S batteries relies heavily on
unhindered electron access for mediators [11,12]. The active materials and intermediates
are not good conductors naturally; therefore, improving electrical conductivity of the host
material is one of the most effective tactics to compensate for the inadequate electronic con-
ductivity of active materials and mediators, which can favor sulfur utilization, especially
at high rates. Meanwhile, the dissolved polysulfide intermediates (LiPSs) in the organic
electrolyte are easily migrational from the sulfur cathode to the lithium anode, resulting in
irreversible deposition and low coulombic efficiency. Thus, the host materials also should
be equipped with a strong affinity ability for LiPSs, especially in long-term cycling.

Carbonaceous materials with high conductivity are common host materials [13,14].
Previous studies reported various carbon matrixes that were applied in Li-S batteries
with the merits of abundant pore structure, tunable surface properties, and large pore
volume [15,16]. Nevertheless, because of the weak Vander Waals interaction between the
nonpolar carbon and LiPSs, the soluble LiPSs still dissolve and shuttle in the electrolyte,
especially under a high concentration gradient [17]. In order to address this issue, modified
strategies were proposed; for instance, functional groups were introduced to host matrixes.
The functional groups included hydrophilic heteroatoms sites (N, O, B, and F) [18-20], polar
inorganic compounds (metal oxides, phosphides, sulfides, nitrides, and carbides) [21-24],
and multi-functional polymers (-COOH, -OH, and -NH>) [25], which all could confine
the diffusion of intermediate LiPSs via their strong polar—polar chemical interaction with
LiPSs [26]. In particular, transitional metal compounds performed outstandingly as LiPS
anchors and redox reaction activators [27,28]. For instance, Zhao and colleagues [29] re-
ported on the yolk—shell ZnO structure (YS-ZnO) that exhibited strong anchoring ability
towards LiPSs, allowing for both chemical adsorption and physical confinement of the
LiPSs. As a result, the S/YS-ZnO-based Li-S battery achieved a high initial specific ca-
pacity of 1355 mAh g~! and outstanding capacity retention of approximately 89.44% after
500 cycles at 0.5 C. However, most transitional metal compounds have poor electrical con-
ductivity inherently, which is unqualified for the fast electron transfer requirement of sulfur
redox kinetics upon cycling [30,31]. Therefore, multi-functional electrodes, simultaneously
possessing high electrical conductivity and strong LiPS adsorption, are urgently needed to
develop high-performance Li-S batteries.

Herein, in order to enhance the conductivity of sulfur cathode and suppress the shuttle
effects comprehensively, a series of yolk-shelled ferroferric oxide @ carbon nanocavities
(YS-Fe304@C) were constructed as sulfur hosts for Li-S batteries. The carbon shells formed
in situ as the reaction chamber, on the one hand, provide a conductive network for the
electron, and on the other hand, they encapsulate the insulating active materials, thus
effectively alleviating the shuttle effects. Synchronously, the FezOy cores as LiPS absorbers
mitigate the shuttle effects, achieving the reversible conversion of LiPS. The yolk-shelled
structure ensures excellent conductivity and LiPS confinement effectively through the
physiochemical synergism effect. On the basis of balanced electrical conductivity and
suitable adsorption, the YS-27Fe;04@C with optimal Fe;O4 core content delivered high
reversible capacity and remarkable cycling stability.

2. Materials and Methods
2.1. Synthesis of Fe304,@C Nanoparticles

Ferric nitrate hydrate (Fe(NO;3);3-9H,0) and benzene-1,3,5-tricarboxylic acid (CHz(COOH)s,
H3BTC) ethanolic solution were mixed rapidly in a molar ratio of 3:2. The metal-organic coor-
dination gel (Fe-BTC) was formed immediately and aged for 24 h. To remove the nonreacted
molecules, solvent exchange was applied with ethanol and distilled water repeatedly. To obtain
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Fe;04@C nanoparticles, the purified gel was firstly dried by freeze-drying, then carbonized in an
argon atmosphere at 800 °C for 5 h with a heating rate of 5 °C min .

2.2. Fabrication of yolk-shelled YS-Fe304@C Nanocavities

The obtained Fe;O4@C nanoparticles were etched with hydrochloric acid (HCI) solu-
tion; etching time was accurately controlled to adjust the removed quantity of FesOy. After
etching, the products were recollected by filtration. The collected products of yolk-shelled
Fe;0,@C nanocavities (YS-Fe30,@C) were washed with deionized water and ethanol in
sequence and dried thoroughly at 60 °C.

2.3. Sulfur Cathode Preparation

The S/Fe304@C and S/YS-Fe;0,@C composites were prepared through a modified
melt—diffusion method. The sulfur power (65 wt%) was ground with the prepared Fe;04@C
(35 wt%) or YS-Fe304@C (35 wt%) in a quartz mortar. The mixture was sealed in a vessel
that was filled with argon gas, followed by heating at 155 °C for 12 h and then at 220 °C for
30 min to evaporate the residual sulfur. The composites S/Fe30,@C and S/YS-Fe;04@C
were obtained after the mixtures were cooled down to room temperature. The actual
sulfur content was determined by Thermal gravimetric analysis (TGA) test. As-prepared
active materials (5/Fe304@C or S/YS-Fe304@C), acetylene black (AB), and polyvinylidene
difluoride (PVDF) binder in the ratio of 7:2:1 were blended and ball-milled in N-methyl-2-
pyrrolidone (NMP) solvent to form a uniform slurry. Then, the slurry was coated onto the
aluminum foil evenly and dried at 60 °C for 24 h. The electrodes were punched into circular
slices with a diameter of 11 mm. The sulfur loading of the sulfur cathode was calculated at
0.8 & 0.1 mg cm~2. The high-loading sulfur cathode was prepared using sulfur powders
and the S/YS-27Fe30,@C at a mass ratio of mg:m¢c = 7:3.

2.4. Materials Characterization

The morphologies of Fe304@C and YS-Fe30,4@C were characterized by scanning elec-
tron microscopy (SEM) and high-angle annular dark-field scanning transmission electron
microscopy (HADDF-STEM) using FEI Quanta 250 and JEM-2100 instruments, respectively.
X-ray diffraction (XRD) patterns were measured by Rigaku UltimalV-185 instrument with
CuKo radiation at a scan speed of 8 degree per min from 10° to 90°. The specific surface
areas were examined by Micromeritics (ASAP 2460) and analyzed by the Brunauer-Emmett-
Teller (BET) method. The TGA measurements were conducted to determine the FezOy4
and sulfur content using a thermal analyzer (6200 EXSTAR, Tokyo, Japan) under air and
argon atmosphere with a ramp rate of 10 °C per min. The chemical element composition
was identified by X-ray photoelectron spectroscopy (XPS) analysis using Thermo esca
lab 250Xi instrument, Waltham, MA, USA. The resistances of Fe30,@C and YS-Fe;0,@C
were recorded with the aid of an automatic powder resistivity analyzer (PD-600, Tokyo,
Japan). In situ XRD measurement was determined by a Brucker (Mannheim, Germany)
XRD system during the discharge and charge between 1.7 and 2.8 V at 0.1 C. A stainless-
steel Swagelok-type cell was assembled using S/YS-27Fe;0,@C cathode with 4 mg cm 2
sulfur loading.

2.5. Electrochemical Measurement

The 2025-typed coin cells with lithium foils as counter electrodes were assembled in
an argon-filled glovebox with both oxygen and water contents less than 1 ppm. Celgard
2400 membranes served as separators. The electrolyte was prepared by dissolving 1 M
bis-(trifluoromethane) sulfonamide lithium (LiTFSI) in mixed solution of 1,3-dioxolane
(DOL) and 1,2-dimethoxyethane (DME; 1:1 v/v) with 0.2 M LiNOj as additive. The cycling
and rate performance of the coin cells were tested at various current densities with a voltage
window from 1.7 to 2.8 V (vs. Li/Li") using a LAND electrochemical station (CT2001A
LAND, Wuhan, China). The electrochemical impedance spectra (EIS) were measured by
CHI660E (Shanghai, China) electrochemical workstation with an amplitude of 5 mV over
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the frequency range of 0.01 Hz to 100 kHz. The cyclic voltammetry measurements (CV)
were performed on a CHI660E between 1.5 V and 3.0 V with a scan rate of 0.1 mV s~ 1.
Additionally, all capacity values were calculated on the basis of elemental sulfur mass.

3. Results and Discussion

A facile and effective method to fabricate a yolk-shelled host material for the sulfur
cathode was proposed. Figure 1a diagrams the synthetic process of S/YS-Fe304,@C com-
posite, which consisted of a sequence of steps, including precursor formation, calcination,
etching, and sulfur infusion. Firstly, Fe-BTC gel (Figure S1) was formed rapidly when fer-
ric nitrate hydrate (Fe(NO3)3-9H,0) and benzene-1,3,5-tricarboxylic acid (CeH3z(COOH)3,
H3BTC) were mixed in ethanolic solution. The Fe3* ions were linked by the organic bridg-
ing ligands of H3BTC, leading to the growth of metal-ligand coordination polymer network
(Fe-BTC gel) [32,33]. After removing the residual reagents by solvent exchange, the Fe-
BTC gel was transferred to a freeze-dryer, and the dried product (Fe-BTC aerogel) was
obtained by freeze-drying for 48 h. The Fe;04@C composite was finally synthesized by
annealing the Fe-BTC aerogel composite in an argon atmosphere at 800 °C for 5 h. The TGA
measurement helped to understand what happened during the annealing process, and
the TGA showed four weight loss steps in the range of 30-800 °C. Between 30 and 100 °C
(Region I), an approximate 10% weight loss was attributed to the removal of hydration
water. An approximate 10% weight loss during the interval of 100-300 °C (Region II)
may have been caused by the decomposition of nitrate radical. In Region III (300-390 °C),
the carboxyl on the BTC ligand decomposed, contributing to ~20% weight loss. Upon
further increase in the temperature (Region IV, 390-500 °C), the benzene ring was oxidized
into COy, corresponding to ~20% weight loss [34,35]. The final residue was iron oxides,
with ~40 wt% weight remaining. According to the BET test results (Figures S3 and S4
and Table S1), the Fe30,@C exhibited a larger specific surface area than Fe-BTC aerogel.
Subsequently, the yolk-shelled nanocavities (YS-Fe304@C) (Figure 1b) with the different
contents of iron core were obtained by etching the Fe304@C samples using HCI solution.
With proper regulating, the S/YS-Fe304,@C cathode was expected to facilitate electron
transfer and confine LiPS species synergistically.

Calcination

Fe;0,@C YS-Fe;0,@C

Figure 1. Schematic illustration of (a) the preparation of S/YS-Fe30,@C composite and (b) the
conversion process of sulfur in the yolk-shelled structure for S/YS-Fe304@C cells.

The morphological and structural information was characterized by SEM and TEM.
The microstructures of the FesO4@C composites contained carbon frameworks and en-
capsulated Fe3O4 nanoparticles (Figure 2a,b). As shown in the HADDE-STEM images
of Figure 2c, there were three regions with remarkable characters. In the Part d region
(Figure 2c), the Fast Fourier Transform (FFT) was identified as the (220) and (222) crystal
planes of Fe3Oy (Figure 2(d1)). In the TEM image (Figure 2(d2)), the lattice spacing was
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measured to be 0.252 nm, which corresponded to the (311) plane of Fe3O, (PDF #99-0073).
The multi-layered crystal layer with a distance of 0.362 nm (Figure 2(el,e2)) was verified
to be graphited carbon, which was formed under the catalysis of the Fe30y4 core [36]. In
addition to the crystal carbon shell, the amorphous carbon layer away from the FezOy core
was also observed, which may have resulted from the carbonization at high temperature
(Figure 2(f1,£2)). The element distribution of Fe, O, and C are clearly demonstrated in
Figure 2g. The Fe and O elements were concentrated in the core, while the C elements
dispersed in the surroundings, which was assigned to the Fe3Oy core wrapped by carbon.
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= 440 > D G
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Figure 2. (a) SEM, (b) TEM, and (c) HADDF-TEM image of Fe;0,@C. (d1,e1,f1) FFT patterns and
(d2,e2,£2) enlarged TEM images of the selected areas of (c). EDS elemental mapping of Fe (g1), O (g2),
and C (g3). (h) XRD profiles and (i) Raman spectra of Fe;O4@C.

The crystal structure of as-synthesized Fe30,@C was analyzed by XRD. In Figure 2h,
the sharp peaks at 18.3°, 30.1°, 35.5°, 43.1°, 57.0°, and 62.6° are confirmed to be the (111),
(220), (311), (400), (511), and (440) planes of magnetite Fe;04 (PDF #99-0073), respectively.
It is noted that the Fe peak (PDF #99-0064) appeared in the XRD patterns; this phenomenon
indicated the high reducibility of carbon during the annealing process that resulted in the
partial reduction of Fe3O, to Fe. The high graphitization degree of carbon was detected in
the Raman spectra (Figure 2i). The peaks at 1343 and 1580 cm ! are assigned to the D and G
bands of carbon resulting from disordered carbon and graphitic layers, respectively [31].
The intensity ratio of the D to G band (Ip/Ig) was 0.92, indicating the high graphitization
degree of the Fe304,@C composite. In addition, the obvious peak at 2694 cm~! stemmed
from the G” band of carbon, suggesting the formation of a highly graphitized multi-layered
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carbon [37,38]. The highly graphitized carbon framework formed by the catalysis of Fe3O4
during the carbonization process can enhance the conductivity of the host materials, thus
promoting the electrochemical performance of Li-S batteries [39], which will be elaborated
upon in the following sections.

The polar iron oxide could suppress the LiPS shuttle effect; however, the large
amounts of Fe3sO4 with heavy relative molecular mass would inhibit the cell-level spe-
cific energy [40—42]. To optimize the sulfur cathode, a succession of yolk-shelled Fe304@C
nanocavities with different proportions of cores were acquired by controlling the etching
time. As shown in Figure 3a, TGA in the air atmosphere was performed to ascertain the
Fe3;04 content in Fe30,@C and YS-Fe;O4@C. There was an obvious weight increment
in Fe30,@C before 400 °C because Fe;O4 was oxidized first to Fe,O3 [43]. The FezOy4
content was calculated at approximately 82.69%, 55.49%, 27.50%, and 13.23% after de-
ducting the increased amount of oxygen. According to the content of Fe;O4 core, the
yolk-shelled host materials were abbreviated as Fe;O,4@C, YS-55Fe30,@C, YS-27Fe30,4@C,
and YS-13Fe304@C. In addition, the derivative thermogravimetric (DTG) curves (Figure 3b)
show that the thermal stabilities of YS-55Fe;0,@C, YS-27Fe;0,@C, and YS-13Fe;0,@C
were better than that of Fe30,@C, indicating that the thermal stability of host materials
was enhanced due to the formation of the yolk-shelled structure. The SEM images exhibit
that Fe and Fe;O4 nanoparticles on the carbon framework surface were eroded after the
etching process in the HCl solution (Figure 3c—e), and the longer the time that Fe;0,@C was
etched by HCl solution, the more noticeable the erosion phenomenon that was observed.
The microstructures of YS-55Fe;0,@C, YS-27Fe;04@C, and YS-13Fe;0,@C were further
examined in the TEM images (Figure 3f-h). Consequently, the size of the inner iron core
was reduced, and the void space within the architecture was formed after etching; this
contributed to a robust yolk-shelled structure. The multi-layer carbon shell can confine
soluble long-chain LiPSs inside the carbon sphere, which is beneficial for alleviating the
shuttle effect. Moreover, the void space can perform as a reservoir effectively, guaranteeing
high loading of sublimed sulfur materials.

(a) 120

—
(=)
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4Fe;0,+0,=6Fe,0,
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m(Fe,0,) = 1.0345m(Fe,0,)
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Figure 3. (a) TGA and (b) DTG curves of the Fe30,@C and YS-Fe30,4@C in air. Morphology
characterizations: SEM images of (¢) YS-55Fe304@C, (d) YS-27Fe;04@C, and (e) YS-13Fe30,@C;
TEM images of (f) YS-55Fe304@C, (g) YS-27Fe30,@C, and (h) YS-13Fe;0,@C.
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Figure 4a shows the XRD pattern of S/Fe30,@C. The diffraction peaks of sublimed
sulfur can be identified distinctly, confirming the incorporation of sulfur into the host. In the
TGA measurement (Figure 4b), the remarkable mass attenuation at 100-350 °C was observed,
and the weight percentage of sulfur in S/Fe;0,@C, S/YS-55Fe;04@C, S/YS-27Fe;04@C, and
5/YS-13Fe30,@C was calculated to be 50%, 57.05%, 63.96%, and 60.32%, respectively. The
high sulfur percentage in S/YS-Fe304@C further manifested the advantage of YS-Fe30,@C as
high-performance sulfur cathode. As shown in the EDS mapping results (Figures S5 and 4c,d),
the sulfur element was clearly observed to be concentrated in the interior parts of the host
materials, and no aggregated sulfur particles were found on the surface of YS-Fe;04@C
under high-resolution imaging. This indicates the successful infiltration of sulfur into the
framework of Y5-Fe30,@C, further demonstrating that the yolk-shelled structure is beneficial
for efficiently reserving sulfur.

(@) (b)

100 F
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80t
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s ==
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Figure 4. (a) XRD patterns of S/Fe304@C. (b) TGA curves of S/Fe30,@C and S/YS-Fe;04@C in Nj.
EDS elemental mapping images of (¢) S/Fe30,@C and (d) YS-27Fe;04@C.

Coin cells with S/C@Fe30y, S/YS-55Fe;04,@C, S/YS-27Fe30,@C, and S/YS-13Fe304,@C
cathodes were assembled to verify the advantages of the yolk-shelled structure. The long-term
cycling performances of coin cells were evaluated at a current density of 1C (1 C = 1675 mA g~ !)
in the potential window of 1.8-2.8 V, and the results are shown in Figure 5a. In the initial activa-
tion stage at the current density of 0.1 C, the S/YS-27Fe30,4@C electrode exhibited a higher ca-
pacity (1286.2 mAh g~!) than S/C@Fe;0, (508.2 mAh g~ 1), S/YS-55Fe30,@C (8639 mAh g~ 1),
and S/YS-13Fe;0,@C (1143.9 mAh g~ !). In the following cycles at the current density of 1 C,
the specific capacity of the S/YS-27Fe;0,@C electrode also obviously surpassed those of the
S/Fe30,@C, S/YS-55Fe304,@C, and S/YS-13Fe30,@C electrodes, and the discharge capacities
of initial cycles were 731.9, 526.6, 714.6, and 683.4 mAh g~, respectively, at 1 C. After 200 cycles,
the S/YS-27Fe30,@C electrode maintained the highest discharge capacity of 6849 mAh g~ !,
with a capacity retention of 93.6%. In contrast, the discharge capacities of the S/Fe30,@C, S/YS-
55Fe;04@C, and S/YS-13Fe;04@C electrodes declined to 401, 551.7, and 461.3 mAh g’l, with
capacity retentions of 76.1%, 77.2%, and 67.5%, respectively. The S/YS-13Fe304@C electrode
performed the worst on capacity retention due to the insufficient content of Fe3Oy, as it was
difficult to suppress the severe migration of LiPSs. Furthermore, we observed the S/YS-27
Fe3;04@C to have a minor polarization voltage at both 0.1 C and 1 C in the galvanostatic
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discharge/charge curves, even after 200 cycles (Figure 5b,c). In comparison, the S/Fe30,@C
cathodes exhibited larger potential gaps between the charge plateau and discharge plateau,
which resulted in higher polarizations.
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Figure 5. (a) The cycling stability performances of Li-S batteries with S/Fe30,@C, S/YS-55Fe;0,4@C,
S/YS-27Fe304@C, and S/YS-13Fe304@C (1 C rate for 200 cycles); Charge/discharge profiles at
(b)0.1Cand (c) 1C; (d) CV curves of S/ YS-27Fe30,@C and S/Fe30,@C in the first cycleat 0.1 mV sl
(e) Rate capability performances at various current densities; (f) Cycle performance at 0.1 C of S/YS-
27Fe304@C under high sulfur loadings; (g) Electrical conductivity of YS-Fe30,@C and Fe30,@C was
evaluated under different forces; Nyquist plots (h) before cycling and (i) after cycling.

The electrochemical mechanism of Fe;O4@C cathodes was investigated by the CV
measurements at the scan rate of 0.1 mV s~ ! in the cut-off potential range between 1.5 V and
3.0 V. The CV curves are shown in Figure 5d: during the cathodic scan, the first reduction
peak (Peak I) is ascribed to the reduction of Sg to long-chain soluble Li;Sx (4 < x < 8);
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the second reduction peak (Peak II) indicates a further reduction of LiySy to insoluble
LiySy /LiyS; during the anodic scan, the oxidation peak at ~2.42 V is associated with the
reversible oxidation of Li,S, /Li,S to LiPSs and, ultimately, to Sg [41]. In comparison with
the S/Fe304@C, the S/YS-27Fe30,@C exhibited a positive shift for the cathode peaks
and a slight negative shift for the anodic peak after the initial cycle, evidencing that the
polarization of S/YS-27Fe304@C was inhibited effectively [42]. These results are well in line
with the discharge/charge voltage profiles. Moreover, the higher peak current densities and
larger closed-loop area of S/YS-27Fe304@C manifested the high capacity and the enhanced
reaction kinetics [7,22]. The shoulder peaks that appeared on the S/YS-27Fe;0,@C curve
also indicated that the yolk-shelled structure was attributed to the fast conversion of LiPSs.
Furthermore, CV curves of the S/YS-27Fe;0,@C and Fe;04,@C cathodes of the successive
three cycles (Figure S6) exhibited intensities of the anodic and cathodic peaks that are
highly overlapped, which manifests remarkable electrochemistry reversibility.

To explore the reversible capacities and recoverable capability of S/Fe;0,@C, S/YS-
55Fe;04@C, 5/YS-27Fe304@C, and S/YS-13Fe;04@C, the rate performances of Li-S bat-
teries employed with corresponding cathode materials were tested (Figure 5e). The S/YS-
27Fe30,4@C electrode performed the best, with discharge capacities of 1080.0, 934.3, 760.4,
and 552 mAh g’l at0.2,0.5,1, and 2 C, respectively. When the current density returned
to 0.2 C, the discharge capacity of S/YS-27Fe30,@C electrode rebounded to 928.1 mAh g1,
revealing prominent reversibility and superior stability. In comparison, Fe;0,@C, S/YS-
55Fe304@C, and 5/YS-13Fe304@C electrodes showed obviously deteriorated discharge
capacities of 818.7, 830.7, and 778.3 mAh g_l, respectively, when the current density went
back to 0.2 C. In addition, the S/YS-27Fe30,@C electrode still had superior cycling stability
at a high current rate (2 C) (Figure S7). The initial reversible capacity of S/YS-27Fe;0,@C
electrode was 602 mAh g~ ! at 2 C and retained 549.9 mAh g~ ! after 180 cycles, with the
ultralow decay rate and the outstanding coulombic efficiency approaching 100%. A high-
loading sulfur cathode (S/YS-27Fe30,@C) with a loading of 3.6 mg cm 2 was investigated
(Figure 5f). This cathode demonstrated high discharge capacities of 1082.6 mAh g~! and
reversible capacities of 923.1 mAh g~ after 50 cycles at 0.1 C. The S content was deter-
mined to be 66.67% by TGA, as illustrated in Figure S8. Additionally, the S/YS-27Fe;0,@C
exhibited high initial areal capacities of 2.12 mAh cm~2 at 1 C for sulfur loadings of
3.01 mg cm~2 (Figure S9). The results confirm the potential of S/YS-27Fe30,@C cathode
for use in high-energy—density Li-S batteries.

It is noted that the S/YS-13Fe30,@C cathode exhibited an initial specific capacity of
595.6 mAh g~! at 2 C, which was even higher than that of the S/YS-27Fe30,@C electrode.
According to previous work [41], a charging overpotential is generally required to excite
the conversion of Li,S to solid Sg in typical Li-S batteries owing to the natural inertness,
especially at high current density. Therefore, high electrical conductivity is also neces-
sary to compensate for the inadequate electronic conductivity of the active materials [34].
The electrical conductivity of the host material was evaluated using a four-point probe
method under different forces (Figure 5g). It was found that YS-Fe304@C exhibited supe-
rior electrical conductivity compared with Fe30,@C, with the order being YS-13Fe;04@C
> YS-27Fe;04@C > YS-55Fe304@C. This indicated that the electronic conductivity of the
material increased as excess Fe;O4 was etched away and the yolk—shell structure was
formed. In addition, the EIS measurement was conducted to investigate the conductivity
of four electrodes, and the Nyquist plots of EIS are illustrated in Figure 5h,i. The semicircle
at high frequencies is associated with the charge—transfer resistance (R.t), which reflects
the electrochemical activity of the electrode. The inclined slope in the low-frequency re-
gion is attributed to a Warburg diffusion process (W), which represents the ion diffusion
in electrodes. The S/YS-Fe;0,4@C electrode exhibited smaller charge—transfer resistance
than the S/Fe304@C electrode, demonstrating the enhanced electrochemical kinetics of
yolk-shelled cathodes. The yolk-shelled cathodes showed diminished R in the order of
5/YS-13Fe304@C < S/YS-27Fe30,@C < S/YS-55Fe304@C < Fe304@C, suggesting that the
reinforced charge-transfer capability to facilitate the rate performance upon accommodat-
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ing more liquid electrolytes due to void space. Compared with the initial EIS spectrum,
the resistances, especially the S/YS-27Fe304@C, decreased significantly after five cycles
at 0.1 C. That is because the yolk-shelled structure with a 27wt% content of Fe3O4 core
established continuous and percolating transport for Li* and electrons, which contributed
to the activation process [44].

To further explore the absorbed capability of Fe3Oy, the electrochemical performance of
S5/YS-27Fe304@C and S/YS-13Fe;0,@C at different temperature conditions were measured,
and the results are shown in Figure S10a. The discharge capacities of S/YS-27Fe;0,@C
retained 855.8, 898.3, 892.8, and 884.2 mAh g_1 at 25, 35, 40, and 45 °C after 10 cycles, which
were higher than those of S/YS-13Fe30,@C (808.5, 874.7, 867.6, and 860.6 mAh g_1 at 25, 35,
40, and 45 °C after 10 cycles). In addition, even after 45 cycles at 0 °C, the S/YS-27Fe;0,@C
(81.23%) exhibited higher capacity retention than S/YS-13Fe;0,@C (69.59%) (Figure S10b),
demonstrating its extraordinary cycling stability. High temperature could exacerbate the
shuttle effect and accelerate the dissolution of LiPSs into electrolytes [45]; accordingly, the
cells were also tested at 55 °C (Figure S10c) to examine the electrochemical performance of
the yolk-shelled structure at high temperature. The S/YS-27Fe304@C cathode delivered
an initial discharge capacity of 740.9 mAh g~! and a fading capacity rate of 0.62% per
cycle over 80 cycles at 0.5 C. The fading capacity rate of S/YS-27Fe30,@C was lower
than that of S/YS-13Fe30,@C (0.77% per cycle at 0.5 C). Therefore, the improved cycling
stability enhanced by Fe304 was demonstrated clearly, especially under wide-temperature
conditions. The confinement capability of Fe3O, for LiPSs contributed to this advantage.

XPS was further carried out to investigate the chemical interaction between Fe;O,4 and
LiPSs. The XPS of Fe 2p spectra were measured before and after cycling (Figure 6a,b). After
cycling, the peaks of Fe 2p 1/2 and Fe 2p 3/2 shifted to lower binding energy, indicating
the strong interaction between Fe3O4 and LiPSs, which could trigger electron transfer
from the electronegative S,2~ to Fe3Oy [22,46]. Thus, the electron density around the
Fe atoms was improved, which further introduced lower binding energy. According to
previous studies [12,47], this conversion of long-chain LiPSs to thiosulfate is reversible and
beneficial to the electrochemical performance because both the thiosulfate and polythionate
complex can serve as mediators to restrain LiPS dissolution. Therefore, by decreasing
the Fe oxidation state, the conversion at the initial discharge stage could be realized,
further transitioning to polythionate complexes and short-chain LiPSs [47]. The peaks
around 707 eV could be assigned to the formation of Fe-S chemical bonds after the molten
sulfur load in Fe30,@C. The peak intensity decline after cycling indicates the decrease
of the Fe-S compounds after cycling [48]. The reversibility of Fe-S5 demonstrated that
the active material (sulfur) could take part in the reaction reversibly, thus enhancing the
sulfur’s electrochemical utilization. In the S 2p spectrum of S/YS-27Fe30,@C after cycling
(Figure S11), the fitting peaks at 162.54 and 163.72 eV correspond to the terminal sulfur
(St™1), and peaks at 164.17 and 165.35 eV are ascribed to bridging sulfur (Sg°) in S 2p,
respectively [49]. In addition, the S 2p 3/2 peaks between 166 and 171 eV are related
to the formation of the polythionate and thiosulfate, respectively, which are attributed
as intermediates for sulfur conversion [46,50]. The S 2p result also suggests that the
Fe;04 contributed to the promoted sulfur conversion, which is in accordance with the
Fe 2p spectrum.

To investigate the visible evolution of active materials during continuous electro-
chemical reactions and the mechanism of the role of Fe3Oy in the cathode system, in situ
XRD tests were conducted on Li-S cells employing S/YS-27Fe;04@C. The prototype cell
was charged and discharged at 0.1 C, during which diffractions of the signals at different
potentials were continuously collected. The evolution of its intensity was plotted with
contour plots and is displayed in Figure 6¢. Notably, a steady peak of 24.1° was observed
throughout the cycle, as shown in the contour plots, indicating that the positive phase was
fully irradiated and the signal was received [51]. In a typical Li-S cell, the discharge curve
usually presents two potential plateaus, corresponding to the reduction of Sg to soluble
LiPSs around 2.33 V and then the reduction of these LiPSs to insoluble LiyS, /Li,S around
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2.07 V [52]. During the initial stage of discharge at 23°, a strong Bragg peak corresponding
to the crystalline Sg (222) plane was observed, attributed to the formation of Li,Sg. The
intensity of liquid-phase LiySg and LiyS4 was difficult to distinguish until LipSy gradually
transformed into solid-phase Li,S; and Li,S. Therefore, at the end of the discharge, a 26.9°
Bragg peak was attributed to the insoluble Li,S (111) crystal plane [53], whose peak inten-
sity gradually increased. Obviously, the intensity of the diffraction peak of Fe3O4 (311)
near 35.9° changed as the discharging reaction proceeded. When the ramp region started
from 2.3 V and the low potential plateau region started from 2.2 V, a weakening of the
diffraction peak intensity of Fe;O4 was observed, verifying that the migration of LiPSs to
the anode was inhibited by adsorption on the Fe;O, surface. In the following stage, with
the conversion of LiPSs, the diffraction peak intensity of Fe3O4 was restored. This result
reflects the reversible interaction between Fe3Oy crystals and LiPSs, providing a reasonable
explanation for the long-term cycling performance and improved coulombic efficiency of
the S/YS-27Fe;04@C cell.
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Figure 6. XPS spectrum of Fe 2p (a) before cycling and (b) after cycling. (c) In situ XRD contour plots
of S/YS-27Fe304@C electrode in the first discharge/charge process within the voltage window of
1.7-2.8 V.

Overall, Fe304 not only exhibited a strong affinity for LiPSs but also promoted the
LiPS conversion process, thereby suppressing the shuttle effect. As the proportion of Fe3O4
decreased, the electronic conductivity of host materials increased; however, the containment
effect for LiPSs was significantly reduced. Therefore, S/YS-27Fe;04@C, which balances
strong adsorption and high conductivity, exhibited an ultrahigh capacity retention of 93.6%,
fast redox kinetics, and high reversibility, surpassing S/YS-13Fe;04@C, S/YS-55Fe;04@C,
and Fe;0,@C cathodes.

4. Conclusions

In summary, we rationally regulated a yolk-shelled FezOs@carbon nanocavity to
balance the electrical conductivity and the adsorption for LiPSs. The well-sophisticated
host with an optimal proportion of Fe3O, could realize a “physical-chemical” dual-barrier
for LiPSs, offer an efficient contact area for sulfur, and accommodate the volume expansion.
In addition, the highly conductive carbon shell and channel framework accelerated the
electron transport and improved the sulfur utilization, especially at high current densities.
With the balanced merits of enhanced electrical conductivity of the carbon shell and optimal
adsorption of the Fe30y cores, the S/YS-27Fe304@C cathode had the best electrochemical
performance, exhibiting a high reversible specific capacity of 731.9 mAh g~! and long cycle
performance at 1 C (capacity fading rate of 0.03% over 200 cycles). This work will also
enlighten future studies on similar structures with conductive components and adsorbent
components in host materials.
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Nitrogen adsorption/desorption isotherm of FE-BTC aerogel with an inset showing the correspond-
ing size distribution of pores; Figure S4: Nitrogen adsorption/desorption isotherm of Fe304@C with
an inset showing the corresponding size distribution of pores; Figure S5: EDS elemental mapping
images of (a) S/Fe;04@C, (b) S/YS-55Fe30,@C, (c) S/YS-27Fe304@C, and (d) S/YS-13Fe;0,@C;
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Figure S7: Long-term cycling stability of S/YS-27Fe;04@C electrode at 2 C; Figure S8: TGA curves of
S/YS-27Fe30,@C in Ny; Figure S9: Cycle performance at 1 C of S/YS-27Fe30,@C under high sulfur
loadings; Figure S10: Cycle performance of S/YS-27Fe304@C and S/YS-13Fe30,4@C cathode with a
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