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Abstract: We demonstrated the efficient coupling of BiFeO3 (BFO) ferroelectric material within the
carbon—sulfur (C-S) composite cathode, where polysulfides are trapped in BFO mesh, reducing the
polysulfide shuttle impact, and thus resulting in an improved cyclic performance and an increase in
capacity in Li-S batteries. Here, the built-in internal field due to BFO enhances polysulfide trapping.
The observation of a difference in the diffusion behavior of polysulfides in BFO-coupled composites
suggests more efficient trapping in BFO-modified C-S electrodes compared to pristine C-S composite
cathodes. The X-ray diffraction results of BFO-C-S composite cathodes show an orthorhombic
structure, while Raman spectra substantiate efficient coupling of BFO in C-S composites, in agreement
with SEM images, showing the interconnected network of submicron-size sulfur composites. Two
plateaus were observed at 1.75 V and 2.1 V in the charge/discharge characteristics of BFO-C-S
composite cathodes. The observed capacity of ~1600 mAh g~! in a 1.5-2.5 V operating window for
BFO3p-C19-Sg9 composite cathodes, and the high cyclic stability substantiate the superior performance
of the designed cathode materials due to the efficient reduction in the polysulfide shuttle effect in
these composite cathodes.

Keywords: Li-S battery; C/S composite; BFO coupling; polysulfide trapping

1. Introduction

The lithium-sulfur (Li-S) battery is presently attracting attention among high-energy
storage devices because of its relatively large theoretical specific capacity (1675 mAh/g),
and its environmental-friendliness in conjunction with its relatively low cost [1]. However,
the usage of Li-S batteries also results in various issues being encountered, such as fast
capacity reduction, less use of active material, short lifespan, and poor Columbic efficiency
because of sulfur’s insulating nature and the polysulfide shuttle effect, as well as large
fluctuations during charge/discharge cycles [2]. The intermediate lithium polysulfides
produced during the reaction are soluble in the currently used liquid electrolytes, causing
a reduction in efficiency, and thus resulting in poor cathode materials. In the present
study, the schematic of Li-S battery is shown in Figure 1a, with all of its different com-
ponents in discharging (Load) and charging (Electric plug) conditions with respective
lithium ion dynamics. Additionally, the charging and discharging conditions, together
with LixSy clusters, are shown in Figure 1b. Here, two plateaus are shown, and higher
sulfur content complexes correspond to a higher plateau, whereas lower sulfur complexes
correspond to lower plateau regions. However, shuttle effects caused by polysulfides in
the C-S composites hamper the real potential of Li-S batteries and result in capacity fading
(Figure 1b). The nanostructuring of materials of less than or equal to 100 nm may increase
the surface-to-volume ratio, and thus increase the cathode capacity together with enhanced
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rates. Even with the nanostructuring of cathode materials, there are still challenges in
Li-S batteries, especially the dissolution of lithium polysulfides (Li;Sy, 4 < n < 8) during
the initial cycles. These dissolved polysulfides may be further lithiated to lower-order
polysulfides (LiySy 1 < n < 4), resulting in insulating lithium sulfide (Li,S) on the lithium
metal surface during the diffusion of lithium [3]. Further, some polysulfides are oxidized
to higher-order polysulfides during the subsequent charging cycles and return to the sulfur
cathode by an electric field, exhibiting the shuttling process, which results in self-discharge
causing unstable interfaces at both cathode and anode electrodes, thus resulting in the
loss of the sulfur cathode’s active material [4]. This study provides an innovative way
of overcoming barriers by introducing ferroelectric materials in composites. The ferro-
electric domain provides an intrinsic internal field, trapping heteropolar LixSy clusters,
and thus enhancing the electrochemical performance of Li-S batteries. This approach is
straightforward and cost-effective in achieving a performance near to theoretical values.
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Figure 1. (a) The schematic view of a lithium-sulfur battery with all its components in discharging (Load) and charging
(Electric plug) conditions, and (b) charging/discharging conditions with different LixSy complexes, together with the shuttle

effect region.

Thus, it becomes essential to eliminate or at least minimize the polysulfide shuttle
effect for enhanced electrochemical performance. There are various reports on reducing
this; for example, Nazar et al. showed a new pathway to confine the polysulfides within
porous and conductive carbon materials [5]. Li et al. reported the usefulness of super-
paramagnetic iron oxide nanoparticles in mitigating the shuttle effect by using a magnetic
field [6]. Arava et al. introduced a new concept of electrocatalysis in Li-S batteries to
stabilize the polysulfide shuttling issues via a high-electrocatalysis active Pt/graphene
host [7]. Ferroelectric materials have attracted much attention because of the intrinsic
polarization field, which may assist in capturing polysulfides, thus reducing the shuttling
impact on electrochemical performance. The spontaneous polarization in ferroelectric
materials gives rise to the internal electric field. The heteropolar nature of polysulfides
can assist in their being trapped on the surface of ferroelectric materials because of spon-
taneous polarization, thus resolving the shuttle effect to some extent. Considering this,
we investigated BiFeOs (BFO) ferroelectric material by integrating it into the C-S cathode
material and demonstrated, for the first time, that it stabilizes Li-S batteries by trapping
the polysulfides. Here, BFO nanoparticles act as the trapping centers for polysulfides in
the integrated C-S composite cathode material. The electric-field-mediated spontaneous
polarization is the main source for trapping charged polysulfides. The BFO is used as an
additive by directly mixing with C-S composites. The detailed structural, microstructural,
vibrational, electrical polarization, and electrochemical measurements are carried out to
understand the structural evolution of BFO-C-S composite cathode material and its impact
on the materials’ characteristics. Further, the charge/discharge measurements are carried
out to understand the impact of BFO additives in C-S composite cathode materials on the
enhanced specific capacity and stability of the investigated cathode material.
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2. Materials and Methods
2.1. Synthesis of BEO Nanoparticles

The synthesis of BFO (BiFeO3) nanoparticles was carried out using bismuth nitrate
and iron nitrates, water and HNQOj acid. The materials were mixed in the stoichiometric
ratio and heated at 80-90 °C to form a gel (about 4-5 h). This gel was further heated at
180 °C for 2 h in an oven. The synthesized BFO nanoparticles were collected and finally
heated at 550 °C for 10 h.

2.2. Synthesis of BEO-S-C Composite Cathode

We used a simple ball-milling process, for large-scale production of BFO-C-Sulfur
composite cathode material [8]. Further, the slurries of BFEO-C-Sulfur (BFOxS;_«C where
x =0.10, 0.20, 0.30 wt%) were prepared by mixing polyvinylidene fluoride (PVDF) (5 wt%),
in N-methylpyrrolidone (NMP) at 400 rpm for 12 h. The average mass of active material
was 1.54 x 107> kg. The slurry was applied to aluminum foil and dried at 80 °C in a
vacuum oven for 12 h. Here, aluminium also acted as the current collector. The dried
composite films were punched into 11 mm electrodes and transferred into an argon-filled
glove box for the assembly of the coin-cells. The coin-cells were assembled using these BFO-
C-Sulfur composite electrodes as the cathode, a piece of lithium foil (13 mm in diameter) as
the anode, polypropylene (25 pm thickness) as the separator and an organic electrolyte,
i.e., 1 M LiPF; in tetra ethylene glycol dimethyl ether (TEGDME), which is considered the
most efficient electrolyte for Li-S batteries. The cathode, separator, and anode were pressed
by a crimping machine to ensure tight contact between electrodes and the current collectors.
The coin-cells’ charge/discharge characteristics were investigated using a SOLATRON
ANALYTICAL battery tester at 0.5 mA constant current in an operating window rated
between 1.3 and 2.9 V. The specific capacity was computed using the active BFO-C-Sulfur
composite cathode material mass using the charge/discharge data.

2.3. Material Characterization and Electrochemical Measurements

X-ray diffraction (XRD) measurements were performed using the Rigaku-3 system
(40 KV, 44 mA) with Cu-K4 incident radiation, having A = 1.4028 A® within 26 = 5°-85° at
1°/min scan rate. The powder X-ray diffraction software, equipped with the Rigaku system,
was used to analyze the crystallographic nature of the BFO-C-S composite cathode material.
The Raman spectra were recorded using an Ar LASER at a 514.5 nm excitation wavelength.
The laser spot size on the sample was <3 um in diameter and beam intensity was kept at
2.15 mW. All the spectra for BFO-C-S composite cathode materials were recorded at room
temperature. The SEM (JEOL 6480LV) system is used for collecting the surface topography
of synthesized BFO-C-S composite cathode materials. An eight-channel SOLATRON
analytical battery tester was used to collect charging/discharging characteristics in Li-S
coin-cell geometries.

3. Results and Discussion
3.1. X-ray Diffraction and Raman Spectra

The X-ray diffraction (XRD) spectra for synthesized BFO-C-S composite cathode
materials are shown in Figure 2a for different BFO weight fractions and compared to their
respective pristine components, sulfur, and BFO. The ICCD data are shown in the bottom
panel of Figure 2a for both orthorhombic sulfur and rhombohedral bismuth ferrite for
reference. The diffraction peaks at 23.1°, 25.9°, and 27.8° in these XRD patterns correspond
to (222), (026), and (040) planes, respectively, for orthorhombic sulfur (ICDD # 832283) and
are consistent with the reported literature [9]. The S¢oBFO39Cg composite cathode material
shows all the sulfur diffraction peaks, together with an extra peak at 25.6" showing the
carbon (002) diffraction peak together with BFO diffraction peaks, consistent with ICDD #
861518. However, variation in the intensity of peaks indicates the lack of long-range order
due to sulfur confinement into carbon and BFO. The size of sulfur particles is ~10-15 pm,
and that of carbon is 50-60 nm, as estimated from the Scherrer formula [10,11]. Interestingly,
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a large reduction in graphitic carbon diffraction peak intensity is observed, together with
a downward shift of the (002) diffraction peak with sulfur content. This is attributed to
the high degree of exfoliation of carbon during the ball-milling process. As expected, the
BFO-C-Sulfur (S¢0C19) composite material also produced the same diffraction pattern,
confirming the similar crystalline features for the sulfur in the composite samples. The
XRD patterns of pristine sulfur and BiFeO3 nanoparticles were used for comparison with
other BFO-C-S composite cathode materials (Figure 2a).
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Figure 2. (a) X-ray diffraction spectra for different BFO-C-S composite cathode materials together with pristine sulfur (on
top) and BFO (on bottom) materials as a reference, and (b) Room temperature Raman spectra for different BFO-C-Sulfur

composite cathode materials together with pristine BFO Raman spectra (black color) and pristine carbon spectra (in inset).

The vibrational features of BFO-C-Sulfur composite cathode materials were inves-
tigated using room-temperature Raman spectroscopic measurements, and the collected
Raman spectra are summarized in Figure 2b. For comparison, the Raman spectrum of
pristine BFO is also shown in Figure 2b in a black color, together with an inset showing the
Raman spectrum for pristine carbon material for comparison. The factor group analysis for
BiFeOj at point, i.e., 4A; + 5A; + 9E, suggests a total of 18 optical phonon modes. Among
these, the four A; and nine E modes are both Raman and infrared active modes, and five
A, vibrational modes are both Raman and infrared inactive modes. The low wavenumber
peaks noticed at 140, 175, 220, and 430 correspond to A1(LO) phonon modes, whereas
vibrational peaks noticed at 75, 260, 275, 310, 350, 370, 470, and 520 cm ! correspond to
E(TO) modes for the BiFeO; system. The observation of these modes substantiates the
phase purity of BiFeO3 nanoparticles’ rhombohedral R3c structure. These are in agreement
with the previous reports [12]. The characteristic carbon peaks are identified at 1350 and
1580 cm !, which correspond to D and G characteristic bands (inset Figure 2b) [13]. These
characteristic carbon vibration modes are observed in all BFO-C-S composite samples
(Figure 2b), suggesting the efficient integration of carbon into the BFO-C-S composite
matrix. Further, three rhombic sulfur characteristic peaks are observed at ~137, 250, and
523 cm ! in all BFO-C-S cathode materials, implying the efficient impregnation of sulfur
with carbon in these composite cathode samples.

3.2. SEM Analysis

SEM images (Figure 3a—e) are for pristine BiFeO3; (BFO) and carbon (C) samples,
Sg0BFO19C10, and SgoBFO39C19 composite cathode samples, together with the EDX elemen-
tal composition analysis graph for the S40BFO3¢C1¢ composite cathode sample, respectively.
The pristine BFO sample (Figure 3a) depicts the hollow nano-spherical morphology with a
diameter less than 80 nm, while Figure 3¢,d show a unique network in composite cathode
materials, consisting of interconnected submicron-sized macropores because of embedded
BFO and carbon nanoparticles in the sulfur host matrix. The material surrounding the
sulfur matrix is acting as a protective layer, showing the morphology of SS0BFO10C10
and S60 BFO30C10 composite materials in Figure 3c,d, respectively. The enhancement
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surface area is notable due to its structural features, which provide more defect sites at
which lithium ions may be adsorbed to the surface of loosely bound carbon layers [14-16].
This network structure for composite samples also confirms the close contact between
BFO, carbon, and sulfur, which is useful in avoiding the loss of soluble polysulfides in
electrolytes.
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Figure 3. SEM images of (a) BFO (b) Carbon (c¢) SgoBFO19C1g (d) SeoBFO3g C1p (e) EDS spectrum SgoBFO3g Cyp.

3.3. Ferroelectric (P-E) Polarization and Magnetic Hysteresis

Spontaneous polarization is the key for polysulfide trapping. We carried out fer-
roelectric measurements using the P-E hysteresis loop measurement system on these
BFO-C-Sulfur composites at 5 kV bias voltage and 1 kHz frequency. The measured fer-
roelectric P-E hysteresis loops are shown in Figure 4a for SgoBFO3¢C1g, S70BFO,(C1p, and
SgoBFO19C1p composite cathode materials. All these composites show well-defined ferro-
electric characteristics, together with ferroelectric characteristics, for pristine BFO material.
However, the remanent polarization (P;) for BFO at 1 kV/cm is 2.5 uC/ cm?, and is less
than the reported values in BiFeO3; (BFO) thin films but higher than that observed in
bulk BiFeO3 powder samples [17-19]. The largest induced polarization for SgoBFO37C1g
material is ~3.2 pC/cm?. This variation in polarization hysteresis may be correlated with
the formation of vacancies due to the inclusion of BFO and carbon, resulting in enhanced
conductivity and structural distortion to induce ferroelectricity in composites. Thus, the
inclusion of BFO in the C-S composite cathode materials will induce polarization, which
may assist as the key ingredient for trapping polysulfide formation during the charging and
discharging of Li-S batteries. This is schematically explained in Figure 4b. In addition, the
magnetic hysteresis measurements are also carried out on BFO and S¢BFO37C19 powder
samples (Figure 4c). As shown in the inset in Figure 4c, the unprocessed data show a large
paramagnetic contribution in higher fields. This paramagnetic background is subtracted to
obtain the magnetization values for these samples. These samples show non-zero magne-
tization; however, the value of magnetization is very small. This is attributed to the spin
canting in BFO samples. Additionally, the nanoparticles of BFO may also introduce some
unsaturated spin, contributing to the small magnetic moment, as noticed in the present
case (Figure 4c). More interestingly, a nearly similar magnetic moment is observed in the
optimal composite sample (i.e., SOOBFO30C10) with the largest ferroelectric polarization.
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This non-zero magnetic moment will contribute to the non-zero internal field, thus in-
ducing a non-zero Lorentz force (F = q v x B) on charged polysulfide ions. This force is
determined to alter the path of such dissolved charged polysulfide ions, thus enhancing
electrochemical performance by promoting the trapping of these polysulfide ions.
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Figure 4. (a) Room temperature ferroelectric (P-E) hysteresis loop for BFO-C-Sulfur composite
cathode materials together with pristine BFO ferroelectric hysteresis loop, and (b) schematic view of
trapping heteropolar LixSy clusters with ferroelectric BFO due to the charge separation in BiFeO3
ferroelectric domains, and (c) room temperature magnetic hysteresis, with inset showing the raw
data with large paramagnetic contribution in the higher field.



Energies 2021, 14, 8362

7 of 9

26

3.4. Electrochemical Performance

The charge/discharge capacity versus voltage profiles are shown in Figure 5a for
different BFO-C-Sulfur composite cathode materials. The charge/discharge measurements
were carried out at a C/5 rate using 1 M LiPFg electrolyte in TEGDME solvent. The
charge/discharge profiles exhibit two main plateaus, originating from the sulfur’s electro-
chemical reactions [14]. The soluble polysulfides are firstly formed in a 2.4-2.2 V range,
whereas the solid reduction products are formed in the second window 2.1-19 V on the
conductive carbon matrix. [20-22]. The composite of S¢yCs5 shows a stable and high energy
capacity of 1576 mAh/g when cycled between 2 V and 4.9 V during deep discharge [8].
We noticed that, after the first cycle, the plateau 2.38 V (vs. Li*/Li) disappeared. In the
charging process, a long plateau is observed, which is attributed to the conversion of Li,S
into higher-order soluble polysulfide.

The BFO-C-Sulfur composite cathode exhibits a much higher initial discharge capacity
of approximately 1640 mAh/g at C/5 and, after 30 cycles, a reversible similar discharge
capacity can still be retained with a stable rate, indicating the long-term cycling stability
of these cathode materials. We observed that 1280 mAh/g can be obtained even after
30 cycles for the C-Sulfur composite cathode material without BFO, indicating that integrating
spontaneously polarized BFO particles in the cathode materials can significantly improve
the cycle stability of C-Sulfur composite cathode materials. The coupling of ferroelectric BFO
particles enhances the trapping of LixSy clusters, thus reducing the shuttle effect. We attribute
this reduction in the shuttle effect as the main source of the observed capacity of Li-S batteries
in the present study. The cycling performance is shown in Figure 5b for BFO-C-Sulfur
composite cathode materials with different BFO weight fractions, indicating the stable specific
capacity ~1640 mAh/g-1600 mAh/g for SgoBFO3yCyg, ~1525 mAh/g-1520 mAh/g for
S70BFO,0C1, and ~1450 mAh/g-1440 mAh/g for SgoBFO19C;9 composite cathode materials
for up to 30 cycles, confirming the efficient trapping of polysulfide formation by coupling
BFO in the C-S matrix. The Coulombic efficiency (CE) is ~62% for the Sgge, BFO109,C100%
composite, whereas there is ~86% Coulombic efficiency for the cell that has Sgge, BEO300,C102
composite material. This may be due to the trapping of parasitic side reactions occurring
between S and Li with ferroelectric (BiFeO3) coupling.
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Figure 5. (a) Voltage profile and (b) Cycling performance for BFO-C-Sulfur composite cathode materials at a C/5 rate.

Further, the impact of the C-rate on discharge capacity is summarized in Figure 6a for
these cathode materials. We observed a much higher discharge capacity at lower C-rates
(C/10 and C/5). In contrast, at c-rate (i.e., 1C), the discharge capacity stabilizes up to
1300 mAh/g, demonstrating a better rate capability for BFEO-integrated C-S composite
cathode materials. Interestingly the initial capacity is almost recovered after reducing the
discharge rate from 1C to C/10, indicating the stability and tolerance of the BFO in C-Sulfur
composite cathodes with respect to the high current discharge conditions.
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Figure 6. (a) C-rate versus discharge capacity and (b) Specific capacity versus specific current for BFO-C-Sulfur composite

cathode materials.

The specific capability for these three BFO-C-Sulfur composite cathode materials is
summarized in Figure 6b against the specific current. The largest capacities ~1600 mAh/g,
1570 mAh/g, and 1498 mAh/g are obtained at 10 mA /g for S¢yBFO3(C1g, S7BFO20C1y,
and SgoBFO1(Cyg cathode materials. The observed capacity values are nearly equivalent
to the theoretical specific capacity. The capacity decreases as the current is increased,
presumably due to kinetic limitations of ion diffusion that may be significant at high current
densities. Further, during the discharge process, active sulfur undergoes a reduction,
forming dissoluble heteropolar polysulfides, which may cause a reduction in capacity
and poor cycle stability. Interestingly, in BFEO-C-S cathode materials, the spontaneously
polarized BFO particles trap the polysulfide formed due to the internal electric field caused
by the spontaneous polarization from the intrinsic ferroelectric nature of BFO material.

In brief, by adding BFO nanoparticles to C-S composite cathodes, the polysulfides can
easily be trapped in the regular cathode materials because of the intrinsic internal electric
field of BFO. This finally assists in improving the cycle stability as well as rate capacity
of Li-S batteries. As shown in Figure 5a, the discharge voltage for sulfur composites is
relatively low, with an average value of 1.5 V. The average charge and discharge voltages
gradually stabilize at 2.25 V and 1.95 V, respectively. The BFO-C-sulfur composite cathode
materials show relatively high specific capacity up to 1600 mAh/g with minimal capacity
fading, less than 0.3% per cycle. Thus, the observed charge/discharge efficiencies of the
batteries are very high, and the efficiencies of all composites are relatively good, except for
the first discharge process, and show good electrochemical reversibility.

4. Conclusions

We have examined and validated the efficient coupling of BFO in C/S composite
cathode materials, where polysulfides can easily be trapped in the cathode because of the
internal electric field of ferroelectric BFO particles. The detailed structural and morpho-
logical studies showed efficient blending of BFO in a C-S matrix and an interconnected
network of submicron-size sulfur particles. The room temperature Raman studies substan-
tiate intermixing of BFO-C-S composite materials. The coupling of ferroelectric BFO in
cathode materials assisted in reducing the shuttle effect and thus efficiently improved cycle
stability as well as the capacity of Li-S batteries. The charge/discharge profiles showed
plateaus at 2.1 V and 1.75 V for BFO-C-Sulfur composite cathode materials with the high-
est electrochemical capacity of ~1600 mAh/g S¢oBFO3(,C19 composite cathode material
between 1.5 V and 2.5V, together with high-capacity retention and a Coulombic efficiency
of up to 86%. These results offer an interesting polysulfide trapping strategy for reducing
the polysulfide shuttle effect in Li-S batteries.
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