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Polysulfide adsorbers and the anti-shuttle electrolyte additive lithium nitrate have been identified as key strategies in enabling high-
performance lithium-sulfur batteries. However, while these two additions have been studied in isolation, little research has been
conducted on how they may interact. Herein, we demonstrate that the polysulfide adsorber magnesium ferrite, MgFe2O4, interferes
with the beneficial effects of lithium nitrate, and vice versa. This interference is found to reduce the performance of lithium-sulfur
cells incorporating MgFe2O4 as an interlayer. It appears to originate from the balance of interaction energies between each of these
components.
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Due to the growing demand for energy storage in applications
such as enabling renewable energy storage and electric vehicles,
there has been much interest in improved battery technologies with
energy densities beyond that of the current state-of-the-art lithium-
ion batteries. One strong candidate to succeed conventional lithium-
ion chemistry is lithium-sulfur (Li-S). The sulfur cathode of Li-S has
a significantly higher specific capacity than the transition metal
oxide cathodes of lithium-ion, and is more materially abundant,
which would potentially lead to reduced cost. However, several key
challenges remain to make Li-S practical. One of these challenges is
the polysulfide shuttle effect.

The polysulfide shuttle effect arises due to the high solubility of
long-chain polysulfide intermediates (Li2Sx, where x = 4, 6, 8) in the
ether-based electrolytes typically used in lithium-sulfur batteries.
Once dissolved, they may move from the cathode to the anode,
leading to an internal shuttle that causes the cell to self-discharge
and depletes the cathode of active material. There have been several
approaches developed to overcome this issue, most notably the use
of polysulfide adsorbers, and electrolyte additives such as LiNO3.
Polysulfide adsorbers are introduced in the cathode or at the
interlayer of the Li-S cell, and bind to the soluble polysulfides due
to their polar nature.1 Some may even react reversibly with the
polysulfides to bind them more strongly.2 As for electrolyte
additives, LiNO3 in particular is widely accepted as an anti-shuttle
agent and is nearly ubiquitous in the literature about Li-S batteries.
There is some debate over the nature of its protective effect, but it
appears to be involved in the generation of a solid-electrolyte
interface at the lithium anode, being consumed in the process,3,4

and potentially has some catalytic effect at the cathode as well.5

Considering this, increased LiNO3 concentrations are viewed as
beneficial for Li-S cell performance. However, while there has been
some success in the development of polysulfide-adsorbing materials
and electrolyte additives, there has been very little attention given to
how such additions may interact with each other.

In this study, we show that there is an interference effect between
the ubiquitous electrolyte additive LiNO3 and the polysulfide
adsorber MgFe2O4. The effect appears stronger at higher rates of
cycling. We carried out a polysulfide adsorption experiment using
inductively coupled plasma—optical emission spectroscopy (ICP-

OES), X-ray photoelectron spectroscopy (XPS) and density func-
tional theory (DFT) calculations to show that this effect may arise
from the relative interaction strengths between MgFe2O4, LiNO3 and
polysulfides.

Experimental

All chemicals and solvents were used as received without further
purification. MgFe2O4 was synthesized using a sol-gel method as
reported in the literature.6 The metal precursors magnesium acetate
tetrahydrate (Sigma-Aldrich) and iron (III) nitrate nonahydrate
(Sigma-Aldrich) were mixed in a molar ratio of 0.55 in a 5%
polyvinyl alcohol (PVA) (MW = 15000) solution. The mixture was
stirred at 80 °C until a sticky gel was formed. The resulting gel was
heated in an oven at 250 °C for 2 h, followed by calcination of the
resulting powder under air at 600 °C for 2 h to produce magnesium
ferrite powder.

Lithium-sulfur cells for cycling and cyclic voltammetry studies
were assembled with lithium foil as the anode. Carbon-sulfur
cathodes were assembled by doctor-blade casting a slurry composed
of 60% sulfur (sublimed, Alfa Aesar), 20% EC600JD Ketjen black,
10% acetylene black and 10% polyvinylidene difluoride (PVDF) in
N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich) on battery-grade
carbon-coated aluminium foil. The sulfur and Ketjen black compo-
nents were melt-diffused beforehand by heating at 160 °C for 8 h in
a sealed container. The slurry was dried at 60 °C for 12 h. Individual
circular cathodes with diameter 1.25 cm for each cell were punched
out. Each cell cathode had a sulfur loading of 1.13 mg for an areal
sulfur loading of 0.92 mg cm−2. 35 μl of 1 M LiTFSI (Aldrich) in
1:1 DOL:DME (by volume) was used as the electrolyte in each cell.
Modified separators incorporating spinel oxides were assembled
according to the methodology used in the literature.7 In short, a
slurry composed of 85% acetylene black, 5% spinel oxide and 10%
PVDF in NMP was doctor-blade casted on Celgard 2325 separator
and dried at 60 °C for 12 h. All components were assembled in
CR2032 test cells in an argon glovebox. Galvanostatic charge-
discharge cycles were carried out on a Neware battery tester over a
range of 1.8–2.8 V at room temperature. Cyclic voltammetry was
carried out on a Biologic potentiostat with lithium foil as the anode
and reference electrode, and the carbon-sulfur electrode as the
working electrode.

Polysulfide solutions with nominal composition were made by
reacting stoichiometric amounts of Li2S and S in 1:1 1,3-dioxolanezE-mail: xuzc@ntu.edu.sg
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(DOL):dimethyl ether (DME) (Li2S6) and DME (Li2S4), stirring at
80 °C for 24 h under argon atmosphere. A 0.25 M solution of each
polysulfide was diluted for further experiments. Spinel oxides were
prepared for XPS study by drop-casting 90% spinel oxide and 10%
PVDF in NMP onto carbon paper. These XPS samples were
immersed in a solution of 3 mM polysulfide and 1.5 mM lithium
nitrate where necessary. The samples were transferred to the XPS
chamber with minimal exposure to air. ICP-OES samples were
prepared by immersing 20 mg MgFe2O4 in 3 ml of a similar
polysulfide solution. After 24 h of immersion, 10 μl of the solution
was extracted and diluted with a factor of 100x in deionized water.

Spin-polarized DFT calculations were performed with periodic
super-cells under the generalized gradient approximation (GGA)
using the Perdew–Burke–Ernzerhof (PBE) functional for exchange-
correlation and the ultrasoft pseudopotentials for nuclei and core
electrons. The Kohn–Sham orbitals were expanded in a plane-wave
basis set with a kinetic energy cutoff of 30 Ry and the charge-density
cutoff of 300 Ry. The Fermi-surface effects were treated by the
smearing technique of Methfessel and Paxton, using a smearing
parameter of 0.02 Ry. Typical low-index crystal surfaces, surface
(100) was cleaved as the studying model for MgFe2O4, and vacuum
layers with thickness of 10 Å were put above. During the optimiza-
tion, only the single lowermost layer was kept fixed. The conver-
gence criteria are set as 10−3 Ry/Bohr of Cartesian force components
acting on each atom and 10−5 Ry of total energy. The Brillouin-
zones were sampled with only gamma point, which is tested to have
the similar energy as that with larger numbers of k points. The
PWSCF codes contained in the Quantum ESPRESSO distribution1

were used to implement the calculations. The adsorption energies are
defined as

= − −E E E EA Total Substrate Polysulfide

where ETotal, ESubstrate and EPolysulfide are the DFT energies of the
adsorbed system, the substrate MgFe2O4 and the relevant polysulfide
respectively. In the case of lithium nitrate, ESubstrate is replaced with
ELiNO3, which is the DFT energy of lithium nitrate.

Results and Discussion

The spinel oxides NiFe2O4, MnFe2O4, ZnFe2O4, and MgFe2O4

were synthesized to test their performance as polysulfide adsorbers to
promote Li-S cell performance as their polar nature makes them good
candidates. Their X-ray diffraction (XRD) patterns are shown in Fig.
S1 (available online at stacks.iop.org/JES/168/090556/mmedia). To
incorporate these spinels into Li-S cells, 5 wt% of the oxide was
mixed with 85 wt% acetylene black carbon and 10 wt% PVDF to be
slurry-coated onto the conventional separator used. The cycling results
of the Li-S cells containing these coated separators are in Fig. S2.
Overall, MgFe2O4 delivered the best performance out of the spinel
oxides tested. Thus, MgFe2O4 was used to investigate possible
interactions between an adsorber and LiNO3.

Figure 1a shows the XRD pattern of the MgFe2O4 material
obtained. All observed peaks are consistent with those of MgFe2O4.
No impurity peaks are observed, which suggests that the sample is
phase pure. High-resolution transmission electron microscopy
(HRTEM) imaging was also carried out, and the results are shown in
Fig. 1b. The observed lattice fringes have a spacing of 2.97 Å, which
is consistent with the (220) plane of MgFe2O4.

Based on DFT simulations as shown in Figs. 2a–2b, MgFe2O4 is
expected to be a good polysulfide adsorber. Both polysulfides Li2S6
and Li2S4 have good adsorption energy with it. When immersed in
polysulfide solutions with nominal composition Li2S6 and Li2S4,
ICP-OES analysis of the elutant reveals that MgFe2O4 indeed
adsorbs polysulfides (Fig. 2c). Slightly more polysulfides are
adsorbed in the Li2S6 solution, which is consistent with the slightly
stronger adsorption energy predicted in the DFT simulations.

The previously mentioned separators containing MgFe2O4 were
assembled into Li-S cells with electrolytes containing three different

concentrations of LiNO3, i.e., 0.1 M, 0.3 M, and 0.5 M, which are
henceforth designated MFO-1, MFO-3 and MFO-5, respectively.
Equivalent Li-S control cells with an uncoated separator were
assembled for comparison, designated Ctrl-1, Ctrl-3 and Ctrl-5
depending on LiNO3 concentration. Cycling data at multiple C rates
is shown in Figs. 3a–3c. For MFO-1 and 3, large increases in specific
capacity of up to 35% were observed, which are as expected for a
good polysulfide adsorber with potential catalytic activity. However,
in the case of MFO-5, cycling performance drops significantly. The
increase in capacity over Ctrl-5 is smaller, and this benefit almost
disappears at rates of 1 C and above. This is illustrated using charge-
discharge curves after 25 cycles (1.0 C) shown in Fig. 3d. While
increasing LiNO3 concentration improves specific capacity in the
control cells, the opposite is true for cells containing MgFe2O4 as the
cell fades quickly. The negative effect of increased LiNO3 concen-
trations for the cells with MgFe2O4 is shown in Fig. 3e. In short, the
performance for the control samples generally increases upon
increasing the concentration of LiNO3. However, for the samples
with MgFe2O4, the performance increases from 0.1 M of LiNO3 to
0.3 M, and decreases from 0.3 M to 0.5 M. This clearly indicates the
presence of an interference effect between high LiNO3 concentra-
tions and the MgFe2O4/AB interlayer.

To further examine the interference effect, cyclic voltammetry
(CV) measurements were carried out on identically setup cells with
0.3 M and 0.5 M LiNO3 concentration. The results are shown in
Figs. 4 and S3. All cells exhibit the characteristic two anodic peaks
and two cathodic peaks of Li-S, signifying the charge and discharge
reactions respectively. Peak A is the anodic peak at ∼2.3 V
corresponding to the oxidation of Li2S to S8; peak B is the cathodic
peak at ∼2.0 V which corresponds to reduction of long-chain
polysulfides to short-chain polysulfides; and peak C is the cathodic
peak at ∼2.3 V which corresponds to the initial reduction of S8 to
Li2S8. Figures 4a and 4b compare CV data for MFO-3 & 5, and Ctrl-
3 & 5 respectively. In the control cell, increased LiNO3 concentra-
tion causes a slight inward shift of all cathodic peaks. For example, it
can be seen from Fig. 4b that the cathodic peaks shift rightward from

Figure 1. (a) XRD spectrum of MgFe2O4 sample. (b) HRTEM image of
MgFe2O4 sample.

Figure 2. Optimized adsorption structures for Li2S4 (a) and Li2S6 (b) on
MgFe2O4 viewed along the [100] direction. Brown is Mg, golden brown is
Fe, red is O, green is Li, and yellow is S. (c) Amount of elements adsorbed by
MgFe2O4 in polysulfide solutions measured with ICP-OES.
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2.30 V to 2.31 V and 1.97 V to 1.98 V respectively. On the other
hand, the dominant anodic peak shifts rightward from 2.31 V to
2.32 V, which is consistent with the results observed in previous
work.3 This suggests a reduction in polarization or overpotential of
the key Li-S discharge reactions. On the other hand, the results for
MFO-3 and 5 show almost the opposite. Peaks either remain
stationary (A, B) or even shift outwards (C), suggesting an increase
in polarization or overpotential. These results reveal a clear

difference in the effect of increased LiNO3 concentration depending
on the presence of MgFe2O4.

To study this effect further, static polysulfide adsorption tests
were conducted in the presence of LiNO3. Magnesium ferrite
powder deposited on carbon paper was submerged in polysulfide
solutions with nominal Li2S6 and Li2S4 compositions, with and
without lithium nitrate.

XPS was carried out to probe for a chemical origin to the
interference effect, and the results are shown in Fig. 5. Mg 2p and O
1s spectra showed little difference in both Li2S4 and Li2S6 solutions
upon addition of LiNO3. Therefore, this analysis focuses on the Fe
2p and S 2p spectra. The Fe 2p spectra of the pristine MgFe2O4 are
deconvoluted into two peaks at 710.5 eV and 712.1 eV as seen in
Fig. 5a, which may be assigned to Fe3+ ions in tetrahedral (FeTET)
and octahedral sites (FeOCT) respectively.

8 These peaks shift towards
lower binding energies on contact with negatively-charged poly-
sulfides (710.3 eV and 711.9 eV for Li2S4, 710.2 eV and 711.8 eV
for Li2S6). On addition of lithium nitrate, the sample immersed in
Li2S6 solution shows insignificant difference in binding energies,
which suggests that the interference effect at this stage does not
involve a chemical change (Fig. S2). However, in Li2S4 solution, the

Figure 3. (a) Rate capability cycling of Li-S cells with 0.1 M lithium nitrate based on specific discharge capacity (QS). (b) Rate capability cycling of Li-S cells
with 0.3 M lithium nitrate based on specific discharge capacity (QS). (c) Rate capability cycling of Li-S cells with 0.5 M lithium nitrate based on specific
discharge capacity (QS). (d) Charge-discharge curves of cells with 0.3 M and 0.5 M lithium nitrate at 1 C. (d) Li-S specific capacity enhancement (ΔQS) with
lithium nitrate concentration.

Figure 4. (a) Comparison of cyclic voltammograms of MFO-3 and 5 at
0.2 mV s−1, with peaks A, B and C magnified. (b) Comparison of cyclic
voltammograms of Ctrl-3 and 5 at 0.2 mV s−1, with peaks A, B and C
magnified.

Figure 5. (a) Fe 2p3/2 XPS spectrum of MgFe2O4 in polysulfide solution. (b)
S 2p XPS spectrum of MgFe2O4 in polysulfide solution.
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presence of lithium nitrate results in a shift towards lower binding
energy, with the octahedral Fe 2p peak shifting by about −0.3 eV and
the tetrahedral Fe 2p peak shifting by about −0.1 eV. Such a shift may
be explained by the interaction of LiNO3 with the Fe3+ ions in the
adsorber. A similar shift9 has previously been observed for HNO3 on
the surface of Fe2O3. The shift towards lower binding energy
compared to Li2S4 alone is consistent with the DFT calculations
carried out later in this work which predict greater interaction energy
of MgFe2O4 with LiNO3 compared to polysulfides.

In the case of S 2p, the spectra are deconvoluted into three peaks
as shown in Fig. 5b. The peak at 161.6 eV may be assigned to
terminal sulfur (STER) in polysulfide chains, while the peak at
163.1 eV may be assigned to bridging sulfur (SBRI) in polysulfide
chains. The third peak at 163.8 eV can be assigned to adsorbed
sulfur (SADS).

10 Again, little difference in peak position is observed
in Li2S6 solution, which further supports the absence of a chemical
change. However, in the Li2S4 solution, the presence of lithium
nitrate results in a significant reduction in the relative peak area of
the adsorbed sulfur peak, and the bridging sulfur peak increases to
compensate. A shift towards higher binding energy of about 0.4 eV
in the bridging sulfur peak. A relatively minor shift of 0.1 eV is
observed in the terminal sulfur peak. These changes may be the
result of a shift in the dominant polysulfide species on the surface of
the adsorber towards longer-chain species. With the results of DFT
simulations later in this work showing that longer chain polysulfides
are more strongly adsorbed on the surface of MgFe2O4, this explains
the shift towards higher binding energy. Taken together, the XPS
evidence supports a change in the adsorption behaviour of Li2S4 in
the presence of LiNO3.

Simulations involving the interaction of LiNO3 and the afore-
mentioned components were carried out, with the results shown in
Fig. 6. The adsorption energies between LiNO3 and the polysulfides
are found to be −1.80 eV and −2.16 eV for Li2S4 and Li2S6
respectively, while the adsorption energy of LiNO3 on MgFe2O4 is
found to be −1.84 eV. From these results, it appears that LiNO3

binds slightly more strongly to MgFe2O4 than Li2S4 (1.84 eV >
1.80 eV), but the opposite is true for Li2S6 (1.84 eV < 2.16 eV). As
LiNO3 has been thought to play an important role in the solubility of
polysulfides,11 interaction of polysulfides with LiNO3 is a key part of
the Li-S cell. According to the work of Yang et al., LiNO3 is thought
to participate in the Li2S4 solution sheath, increasing its solubility
and driving a solution-based reaction that is favorable for Li2S
deposition. This also improves its ability to promote growth of a
stable solid-electrolyte interface.4,12 The greater interaction energy
of LiNO3 with MgFe2O4 as compared to Li2S4 appears to hinder its
interaction with Li2S4, thus interfering with the beneficial effects of
LiNO3 in the Li-S cell. However, this is not the case for Li2S6, where
LiNO3 increases solubility and works against the polysulfide
adsorption capability of MgFe2O4. In this manner, the beneficial
effects of both LiNO3 and MgFe2O4 in the Li-S cell are disrupted.
This change in the balance of interaction likely gives rise to the
interference effects observed in Li-S cell discharge, XPS and
polysulfide adsorption.

The polysulfide solution was also analyzed using ICP-OES after
adsorption.13 The results, shown in Fig. S4, indicate that the presence
of lithium nitrate is associated with a drop in amount of sulfur adsorbed
by MgFe2O4 in the case of both polysulfide solutions, with a drop of
approximately 17% in both cases. However, the amount of lithium
adsorbed appears to differ depending on the polysulfide type. In the
Li2S6 solution, the addition of LiNO3 is associated with a drop of about
58% in lithium adsorbed, while a 59% gain is observed in Li2S4. This
supports the change in the balance of interaction energies found
through DFT, where comparatively more LiNO3 binds to MgFe2O4.
Also, when taken in combination with the simultaneous change in peak
ratio of adsorbed sulfur compared to polysulfides from the XPS
analysis, these quantities are consistent with part of the adsorbed sulfur
transforming to long-chain polysulfides. There is, however, an overall
suppression of magnesium ferrite’s ability to act as a polysulfide
adsorber which explains the loss of performance in the Li-S cell.

Conclusions

In summary, we demonstrate the ability of magnesium ferrite to
act as a polysulfide adsorber in an interlayer to enhance the
performance of lithium-sulfur cells. We also show that this
beneficial effect is interfered with by the presence of high concen-
trations of the ubiquitous anti-shuttle agent lithium nitrate. ICP-OES,
XPS and DFT simulations support the conclusion that this inter-
ference effect is due to the greater affinity of LiNO3 towards
MgFe2O4 rather than Li2S4, and operates through interference with
the beneficial effect of LiNO3 and the suppression of polysulfide
adsorption.

The presence of interference depends on the balance of interac-
tion energy between LiNO3, polysulfide species, and the polysulfide
adsorber used. Given the similar properties of MgFe2O4 to many
spinel oxides used for polysulfide adsorption in the literature, it is
likely that a significant portion of these materials would exhibit a
similar effect. Generalizing beyond this point is less certain, and
would require further analysis and simulation.
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