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Enhanced Charge- Discharge Behaviour of MnFe2O4 laden
Composite Cathode for Lithium-Sulfur Batteries
Deepa Elizabeth Mathew,[a, b] G. Jenita Rani,[c] D. Ponraj Jenis,[d] Sabu Thomas,[e] and
A. Manuel Stephan*[a]

The Li� S battery commercialization has been hampered owing
to challenging problems such as poor conductivity of elemental
sulfur, volume change upon cycling, and shuttling of lithium
polysulfide between the electrodes. To conquer these issues, a
sensible electrode structure design is crucial. The incorporation
of carbonaceous materials and metal oxides has been identified
as an effective tool to foster the electrochemical properties of
Li� S batteries. In this work, to confine polysulfide shuttling and
to improve the conductivity of sulfur, MnFe2O4-seated rGO-
sulfur composite was prepared and used as a cathode. The
lithium-sulfur cell with MnFe2O4-seated rGO-sulfur composite
cathode showed outstanding electrochemical performance

delivering a discharge capacity of 1300 mAhg� 1 at 0.1 C-rate on
its first cycle and a stable cycling was attained at 0.5 C-rate. In
the composite cathode, each component functions for a
specific reason: the rGO in the composite improves the
conductivity of sulfur, while added- MnFe2O4 not only confines
polysulfides appreciably but also provides integrity to the
cathode as evidenced by SEM analysis. The self-discharge
studies showed that the Li� S cell with MnFe2O4 was capable of
retaining its charge even after 90 h which has overhead the
earlier reports. The Li� S system with MnFe2O4 -laden cathode
material exhibited better electrochemical properties than the
un-laden one.

Introduction

Lithium-sulfur battery system based on the electrochemical
reaction S8+16Li

+ +16 e� $8Li2S has been identified as a
futuristic energy storage device owing to its unique character-
istics such as exceptionally high theoretical specific capacity,
energy density (2600 Whkg� 1), low cost, huge abundance on
elemental sulfur on earth’s crust and better safety.[1,2] Even
though the prototype Li � S cell was invented three decades
ago, the issues such as the insulating nature of elemental sulfur
and shuttling of polysulfides between the electrodes impede
this system from commercialization. Numerous studies have
been made to conquer these challenges by engineering novel

sulfur cathode structures,[3] electrolytes,[4] functionalization of
separators[5] and modified binders.[6]

The sulfur cathodes go through the formation of a series of
soluble higher-order polysulfide (PS) species (Li2S8 to Li2S4)
during the discharge process and finally reduced to insoluble
Li2S2 and Li2S. While charging, Li2S is first oxidized to various
higher-order PSs and lastly to elemental sulfur. The polysulfide
dissolution in the electrolyte results in the shuttling effect and
consumption of sulfur and thereby ends up with rapid capacity
fade and low Coulombic efficiency. Additionally, elemental
sulfur which has a density of 2.03 gcm � 3, undergoes a volume
expansion of approximately 80% (density of Li2S is 1.66 gcm

� 3)
during the electrochemical reaction as reported earlier.[3] Due
to the volume changes the sulfur particles gets pulverized and
this will eventually result in reduced capacity of Li� S batteries.
Therefore, a balanced design of electrode structure is crucial to
address these challenges.
Generally, the electronic conductivity of elemental sulfur

can be enhanced by encapsulating sulfur in carbonaceous
materials such as MWCNT or graphene or conducting polymeric
materials.[7] Unfortunately, the conjugate non-polar carbon
planes have limited sites to anchor the polar species [Li2Sn] and
offer only weak interactions. These weak interactions can at
any time result in irremediable detachment of LiPSs from the
cathode surface resulting in poor cycling performance. Further
to address this issue anchoring of chemically binding sites for
the PS intermediates with the introduction of polar sites onto
the carbon planes has been widely explored.[8]

The integration of solid additives in the sulfur cathode has
been recognized as an efficient way in trapping of polysulfides.
Several efforts have also been made to restrain the polysulfides
within the composite sulfur cathode by the introduction of
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inorganic materials such as NiFe2O4
[7] and MgAl2O4,

[9] owing to
their strong electrostatic interaction of polysulfides. Very
recently we have reported the cycling performance of Li S cell
in which Fe3O4-seated rGO was incorporated as a solid additive
in the sulfur cathode in order to improve the conductivity of
sulfur and to confine polysulfide from shuttling.[10] Metal �
organic frameworks have also been explored.[11–15] The specific
chemical affinity of metal-based nanostructured materials to
lithium polysulfides (LiPSs) effectively adsorb or even bind PS
intermediates within the cathode scaffold. These ‘chemisorp-
tive’ sulfur host materials improve the LiPS adsorption and
thereby enhances the rate capability and active material
utilization and cycling performance. Generally, the incorpora-
tion of a small dosage of additives increases the efficiency of
Li� S batteries without increasing the cost compared with other
methods. The addition of metal oxides in the composite sulfur
cathode can improve the cycle life of Li� S batteries by
modifying the morphology of the cathode effectively to
promote electrochemical performance.
In the present work, nanostructured reduced graphene

oxide attached with MnFe2O4 nanoparticles (rGO-MnFe2O4) was
synthesized by a facile solvothermal process and successfully
incorporated in a sulfur cathode as an additive. The integration
of rGO-MnFe2O4 is expected to be favorable in two aspects; the
added- rGO ensures improving the electrical conductivity while
the nanostructured added- MnFe2O4 can effectively reduce the
self-discharge and exhibited superior electrochemical perform-
ance. To analyze the role of MnFe2O4 the rGO/sulfur composite
was also prepared and its cycling performance was analysed
separately and the results are discussed.

Results and Discussion

Figure SI 1(a–f) (supporting information) shows the XRD
patterns of MnFe2O4, graphene oxide, rGO, MnFe2O4- rGO,
elemental sulfur and MnFe2O4- rGO- elemental sulfur composite
respectively. The characteristic diffraction patterns found at
2θ�18.5, 30.2, 35.6, 43.3, 53.8, 57.16, and 62.7 °, represents the
(111), (220), (311), (400), (422), (511) and (440) reflection planes,
respectively, (Figure SI 1a) were well matched with the
standard powder diffraction pattern for the bulk cubic spinel-
structured MnFe2O4 (JCPDS File no 74-2403).

[16] The appearance
of peak at 2θ�10.27° corresponds to (001) reflection plane
arises from graphene oxide (Figure SI 1b) which further
indicates complete oxidation of graphite.[17,18] The presence of
2θ�26.6° confirms the formation of rGO from graphene oxide
(Figure SI 1c).[19] All the MnFe2O4 diffraction peaks were well
preserved in rGO-MnFe2O4 composite (Figure SI 1d).

[20] The non-
existence of reflection plane corresponding to rGO at 26.6°
indicated the removal of oxygen labile group from graphene
sheets during the formation of rGO-MnFe2O4.

[21,22]

The X-ray powder diffraction patterns of elemental sulfur
are depicted in Figure SI 1e. The diffraction peaks of elemental
sulfur are also seen unaltered in Figure SI 1f even after
impregnation in the rGO-MnFe2O4 matrix. It is apparent from
the Figure that the rGO- MnFe2O4 -sulfur ternary composite has
peaks corresponding to MnFe2O4 with a comparatively reduced

peak intensity to that of as synthesized MnFe2O4. The
disappearance of characteristic Fddd orthorhombic crystal
structure of elemental sulfur in ternary composite cathode in
the XRD patterns is attributed to trapping of elemental sulfur
into the internal layered structure of rGO. Further disappear-
ance of new peaks in the composite sulfur cathode confirms
that no chemical reaction has taken place between the
composite components upon heat treatment.
The independent, yet distinctively uniform and precise

spherical structures of MnFe2O4 particles with 370 nm average
particle size were revealed through SEM (Figure SI 2 (a and b)
and TEM images (Figure SI 2c). A close examination of the
spherical structures of MnFe2O4 exposed that every individual
sphere was composed of tiny particles of average size 10 nm
aligned together as building blocks in a systematic manner to
produce a well-defined spherical structure as displayed in
Figure SI 2(d). The solvo-thermal method with modified reac-
tion using FeCl3 and MnCl2 as precursors and C2H3NaO2 as a
base was used for the typical synthesis of MnFe3O4 spherical
structures. In the synthesis of MnFe2O4 nanostructures, ethylene
glycol (C2H6O2) governed substantial role both as a reducing
agent and as a solvent for the preparation. The alkaline
surrounding developed by the C2H3NaO2 induced the precip-
itation of Mn2+ and Fe3+ ions in the presence of ethylene
glycol which respectively assisted in the formation of manga-
nese(II) hydroxide and Iron(III) hydroxide that after the
dehydration process were transposed to MnFe2O4
nanocrystals.[18] The high temperature developed during the
reaction initiated the hydrolysis reaction which resulted in the
formation of tiny MnFe2O4 primary particles, that clustered
together to build bigger spheres. From TEM images rGO-
MnFe2O4 composite, it is clear that MnFe2O4 particles were
homogeneously dispersed over the crinkled, ultra-thin, undu-
lating sheets of rGO.[23] The even distribution of MnFe2O4
nanoparticles over the rGO surface was aided through the
electrostatic interaction between the negative charges on the
rGO sheets and the positively charged metal ions (Mn2+/Fe2+)
along with its concomitant reduction process. MnFe2O4 nano-
particles anchored over the rGO sheets exhibited ordered
lattice fringes as shown in Figure 1 and the related SAED
pattern showed the polycrystalline structure of MnFe2O4
nanomaterials.[24]

Figure SI 3(a–e) shows the Raman spectra of MnFe2O4,
graphene oxide (GO), rGO, elemental sulfur and rGO-MnFe2O4-
elemental sulfur composites respectively. The active Raman
bands associated with the spinel ferrites is evidently visible in
MnFe2O4 nanostructures (A1g+Eg+3 T2g). The T2g (1) and Eg
modes were respectively observed as bands at 210 and
270 cm� 1. The local lattice vibration of Fe3+ and O2� found in
the octahedral (Oh) sites of spinel structure has appeared as T2g
(2) mode from the band at 481 cm� 1. The T2g (3) mode at
583 cm� 1 evidently represent the stretching vibrations of Fe3+

and O2� in the tetrahedral sites. The symmetric stretching
mode of Fe� O at 673 cm� 1 was weakened by the replacement
of few Fe2+ ions in Fe3O4 by the Mn

2+ ions to form MnFe2O4
nanostructures.[25] The two intense bands at 1340 and
1605 cm� 1 of GO were displayed through the Raman spectrum
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(Figure SI 3b), denoting the D band originating from the sp3

hybridized carbon atoms of disordered graphite and G band
emerging from the sp2 ordered graphite-like structures,
respectively.[26] The rGO-MnFe2O4 composite maintained all the
modes consistent to MnFe2O4 nanostructures with reduced
intensities and considerable carbonaceous modes (Figure SI
3c). The ID/IG ratio of GO sheets was 0.89 and was increased to
1.12 for the rGO-MnFe2O4 composite, agreeing the presence of
intensified structural defects and disorders.[27]

The content of sulfur in rGO-MnFe2O4- sulfur composite was
obtained from thermogravimetric analysis in N2 atmosphere as
displayed in Figure SI 4 and the sulfur content was measured
∼80%. The electrochemical performance of Li� S cells of rGO� S
and rGO-MnFe2O4-S electrodes was then carried out by cyclic

voltammetry and is displayed in Figure 2 a & b. It is quite
obvious from Figures 2a and b that the voltammograms
displayed two oxidation and reduction peaks regardless of
added MnFe2O4. The reduction peaks appeared at 2.36 and
1.93 V denote the electrochemical reduction of sulfur into
higher-order lithium polysulfides Li2Sn (n=4�8) and later
these polysulfides are further reduced to insoluble lower-order
polysulfides (Li2S2 and Li2S).

[28] During the charging process, the
peaks observed at 2.36 and 2.45 V are ascribed to oxidation of
insoluble polysulfides to higher-order lithium sulfides and
further to sulfur. It is noteworthy that unlike the cell with rGO
cathode, there was no discernible shift observed in the
voltammogram peaks in the succeeding cycles showing there
was no polarization effect in the Li� S cell.[29]

Figure 1. TEM images and corresponding SAED patterns of rGO-MnFe2O4-S cathode Panel 1: before cycling and Panel 2: after cycling.

Figure 2. Cyclic voltammogram profiles of Li- S cell a) with rGO-sulfur cathode and b) rGO-MnFe2O4-sulfur composite cathode at a scan rate of 0.1 mVs� 1.
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