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Phosphorous Pentasulfide as a Novel Additive for High-
Performance Lithium-Sulfur Batteries

Zhan Lin, Zengcai Liu, Wujun Fu, Nancy J. Dudney, and Chengdu Liang*

Lithium-sulfur (Li-S) batteries suffer from rapid capacity decay and low energy
efficiency because of the low solubility of lithium sulfide (Li,S) in organic
solvents and the intrinsic polysulfide shuttle phenomenon. Here, a novel
additive, phosphorus pentasulfide (P,Ss) in organic electrolyte, is reported to
boost the cycling performance of Li-S batteries. The function of the addi-

tive is two-fold: 1) P,Ss; promotes the dissolution of Li,S and alleviates the
loss of capacity caused by the precipitation of Li,S and 2) P,Ss passivates

the surface of lithium metal and therefore eliminates the polysulfide shuttle
phenomenon. A Li-S test cell demonstrates a high reversible capacity of
900-1350 mAh g and a high coulombic efficiency of >90% for at least

40 stable cycles at 0.1 C.

1. Introduction

As a byproduct of the petroleum refining process, elemental
sulfur (S) is inexpensive, abundant and nontoxic. With a high
theoretical capacity of 1675 mAh g! of elemental sulfur, the
combination of lithium metal as the anode and elemental
sulfur as the cathode provides a specific energy density of
2500 Wh kg Ll For this reason, the combination of lithium
and sulfur has been considered as one of the most promising
battery chemistries for the next generation of high energy bat-
teries.l?l Despite considerable advantages of Li-S batteries, there
are key challenges associated with Li-S battery chemistry that
uses liquid organic electrolytes: 1) S and its solid discharge
products are neither ionic nor electronic conductors. To enable
the electrochemical reaction of sulfur cathode, various carbon
materials and conducting polymers have been investigated as
the electronic conductors for the sulfur cathode. Polar organic
solvents, particularly ether-type solvents that have a high solu-
bility for lithium polysulfides, have been used as the electrolytes
for Li-S batteries. The high solubility of lithium polysulfides in
the organic solvents circumvents the low ionic conductivity of
lithium polysulfides, which are intermediates of the charge and
discharge processes. 2) The intrinsic polysulfide shuttle corrodes
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the lithium anode, carries sulfur species
from the cathode to anode and therefore
causes the loss of active materials, and
leads to low coulombic and poor energy
efficiencies.’] The polysulfide shuttle
results from a series of chemical reactions
between the cathode and anode through
the migration of polysulfides in the liquid
electrolytes. These chemical reactions
result in undesirable self-discharge.

The rapid capacity decay in Li-S batteries
is closely related to the polysulfide shuttle.
To alleviate the capacity decay, various
porous materials and conductive polymers
were investigated to reduce the polysulfide
shuttle by restraining polysulfides at the
cathode through physical or chemical absorption.! A similar
approach has also been conducted on graphene oxide. The func-
tional groups at the surface of high surface area graphene oxide
chemically absorb the sulfur species and therefore reduce the
concentration of polysulfides in the organic electrolytes. When
combined with a highly viscous electrolyte of ionic liquid, the
sulfur cathode can be cycled for 50 cycles at 0.1 C with a revers-
ible capacity of 950-1400 mAh g1 Nevertheless, any of the
known chemical or physical absorption approaches cannot
completely stop the leaching of polysulfides from the cathode.
As long as there are any polysulfides dissolving in the electro-
lytes, the migration of sulfur species through polysulfide shuttle
is inevitable. Since the polysulfide shuttle involves reactions at
both the cathode and anode, protection of the lithium to block
the chemical reaction path at the anode can be as effective in
eliminating the polysulfide shuttle as confining sulfur species at
the cathode. As an additive in non-aqueous electrolytes, lithium
nitrate (LiNOs) reacts with metallic lithium to form a rigid pas-
sivation layer that functions as a physical barrier to block the
chemical reactions of polysulfides with the lithium anode.l%]
The passivation of lithium anode arises from a combination of
the decomposition of organic solvents and lithium salts. LiNO;
was identified as the critical component to form a protec-
tive surface film in Li-S batteries.”] The efficacy of protecting
lithium anode by LiNO; was confirmed by a number of publica-
tions from different research groups. Improved coulombic effi-
ciency and cycling performance were observed in Li-S batteries
with LiNOj as an electrolyte additive.®!

Besides the polysulfide shuttle, the sluggish electrochemical
reaction of lithium sulfide and lithium disulfide is also account-
able for the rapid capacity decay of Li-S batteries. High sulfur
loading and limited volume of organic electrolytes result in
the precipitation of less soluble lithium sulfide and lithium
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disulfide that often cause failure of Li-S batteries.’) Although
lithium sulfide can be electrochemically charged with intimate
contact to carbon in all-solid batteries, the charge/discharge
must be conducted at elevated temperatures.'” Metal addi-
tives were employed to enhance the conductivity of Li,S-based
cathode with limited success.'!l To accelerate the cycling of
lithium sulfide, lithium bromide can be used as an additive in
liquid electrolytes to chemically convert the insoluble lithium
sulfide back to lithium polysulfide in the charging cycle.'s
However, the incompatibility of corrosive bromine produced at
the cathode with the battery components prohibits the usage of
lithium bromide in Li-S batteries.

In this work, we report the effect of phosphorus pentasulfide
(P,Ss) as an electrolyte additive for Li-S batteries. We found that
P,Ss is able to form complexes with lithium sulfide and lithium
polysulfide. These complexes are soluble in organic solvents and
facilitate the electrochemical reactions. P,Ss serves two functions
in the Li-S batteries: it prevents the precipitation of lithium sulfide
and lithium disulfide by forming complexes and it passivates the
surface of lithium metal to reduce the polysulfide shuttle. In
addition, complexes of P,Ss with lithium sulfide and polysulfides
are non-corrosive and compatible with all cell components.

2. Results and Discussion
2.1. P,Ss Improves the Cycling Performance of Li-S Batteries

The dissolution of sulfur species in liquid electrolyte is a salient
characteristic of Li-S batteries. The solubility of lithium sulfide
and lithium polysulfide in the liquid electrolyte directly affects
the cycling performance of the electrochemical cell. Therefore,
the weight ratio of sulfur to solvent was carefully controlled
at 1:10 for each cell to ensure a fair comparison of the experi-
mental and control cells. These cells were intentionally tested
at a slow rate of 0.1 C to observe the polysulfide shuttle. Shown
in Figure 1A is the cycling performance of the Li-S test cells
with and without P,Ss. The experimental cell that contains P,Ss
outperformed the control cell that contains no P,Ss. The initial
discharge capacity (based on the mass of S loading) of the exper-
imental cell was 1122 mAh g! and increased to the highest dis-
charge capacity of 1334 mAh g' at the 4% cycle, which is about
80% of sulfur utilization based on the theoretical maximum
1675 mAh g!. Slight capacity fading was observed before the
20™ cycle. The capacity was stabilized at above 900 mAh g™! after
20 cycles, about 70% of the initial highest value (1334 mAh g™!).
The experimental cell had a high coulombic efficiency of 98%
at the first 20 cycles. Such a high coulombic efficiency indicates
a suppression of the polysulfide shuttle, which has been proven
to be the main cause of low coulombic efficiency in Li-S cells.
A slight decline in coulombic efficiency was observed after
20 cycles. The coulombic efficiency of the experimental cell sta-
bilized at over 90% for the entire range of cycling. Of striking
contrast, the capacity of the control cell without P,Ss dramati-
cally decreased from the initial capacity of 1064 mAh g to
406 mAh g~ at the 6 cycle. The coulombic efficiencies of the first
6 cycles are all below 80%. The low coulombic efficiency in the
control cell is caused by severe polysulfide shuttle.
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Figure 1. A) Cycling performance of Li-S batteries with/without P,Ss and
B) representative voltage profile of Li-S with P,Ss additive.

Figure 1B shows the voltage profile of a representative cycle
of the Li-S cell with P,Ss. The discharge curve has two voltage
plateaus at 2.4 and 2.0 V, which correspond to the reduction of
long chain polysulfides (S,27, 4 < x) and short chain polysulfides
(S4¥", x < 4). The ratio of the high plateau at 2.4 V to the low
plateau at 2.0 V is exactly 1:3. The same ratio of the plateau at
high potential (2.5 V) to the plateau at low potential (2.2 V) was
observed at the charging cycle. The charge/discharge of a Sg
molecule involves the transfer of 16 electrons. The first 4 elec-
trons were transferred at the high plateau and the remaining
12 electrons were transferred at the low plateau. The polysulfide
shuttle carries the long-chain polysulfides from the cathode to
the anode and therefore breaking the balance of the 1:3 ratio
of the plateaus: at the discharge cycle, the loss of long-chain
polysulfides shortens the high plateau, while at the charging
cycle, the loss of long-chain polysulfides prolongs the high
plateau. The constant ratio of 1:3 of these plateaus at the
charge/discharge cycles and the high coulombic efficiency of
the experimental cell prove that the polysulfide shuttle has been
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Figure 2. SEM images of A) pristine metallic Li anode, B,C) the top surface of the passivation
layer on cycled lithium anode at low and high magnifications, and D) the cross-section of the
passivation layer peeled off from the lithium anode cycled with P,Ss in the electrolyte. The arrow
indicates the bottom side of the passivation layer that was in contact with the lithium metal.

completely blocked. The ideal 1:3 ratio of the plateaus was not
observed in the control cell. Therefore, P,Ss is the critical com-
ponent for blocking the polysulfide shuttle in Li-S batteries.

2.2. Super-lonic Conductor Protects the Lithium Anode

The effect of P,Ss in Li-S cells is akin to LiNO3, an electrolyte
additive that protects metallic lithium anode in Li-S batteries.
A passivation layer was observed on the lithium metal sur-
face after the first cycle in an electrolyte that contains P,Ss.
Compared to the smooth surface of pristine metallic lithium
(Figure 2A), the lithium anode was significantly roughened
after the first cycle (Figure 2B). A close examination of the
roughened surface revealed a passivation layer that consisted of
granular particles less than 100 nm (Figure 2C). When peeled
off of the lithium anode surface, the bottom of the passivation
layer was dense and smooth (Figure 2D). The thickness esti-
mated from the cross-section using scanning electron micro-
scopy (SEM) was about 3 to 5 micrometers. There is no doubt
that such a dense passivation layer can efficiently block access
of the polysulfide to the underlining metallic lithium and elimi-
nate the polysulfide shuttle. This passivation layer explains the
high coulombic efficiency of the experimental cell.

The chemical composition of the passivation layer was checked
by energy-dispersive X-ray (EDX) spectroscopy. Signals of phos-
phorous and sulfur dominate the EDX spectrum. Trace amounts
of oxygen and carbon were also detected. The oxygen and carbon
could be from the organic solvent. It is interesting that no fluo-
rine was detected. This means bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI) does not contribute to the formation of the
passivation layer as it does in Li-S batteries with LiNO; as the
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additive.”] The atomic ratio of P to S is about
1:3.2. The passivation layer conducts lithium
ions and functions as the solid electrolyte
interphase (SEI) for the battery operations.
Figure 3A shows the X-ray diffraction (XRD)
pattern of the cycled lithium anode. Two strong
peaks at 2 theta of 36.0° and 52.1° are the (011)
and (002) peaks of crystalline lithium. A series
of small peaks from 10 to 30° are identified as
Li,S, Li;P, LiyP,S¢ and Li;PS,. The peak posi-
tions are assigned as the following: Li,S, 27.3°
(111); LisP, 22.7° (002), 26.4° (101); LisP,Ss,
17.4° (100) and 27.3° (002); and Li;PS,, 12.2°
(200), 14.6° (101), 20.3° (210), 21.4° (211), and
25.1° (220).31 The Raman spectrum of the
passivation layer in Figure 3B has remarkable
peaks in the wavenumber ranging from 500 to
150 cm™'. The predominate peak at 418 cm™!
is due to the symmetric stretching of the
P-S bond in Li;PS,. Weak peaks of 305 and
229 cm™! are from the stretching vibrations
of the P-S bond in PS>~ ions with Ty sym-
metry." Peaks at wavenumbers of 184 and
257 cm™ are due to stretching vibrations of
the P-S bond of P,S¢* ions.'® The strong
intensity of the peak at 418 cm™ confirms that
Li;PS, is the major component of the passiva-
tion layer. Li;PS, is a stable stoichiometric compound in the ter-
nary phase diagram of the Li-P-S system.['® This compound is a
known lithium supet-ionic conductor.'”! The passivation layer is
highly conductive to lithium ions. A low voltage hysteresis of the
charge/discharge loop in Figure 1B confirms that the resistance
of ion transfer at the anode surface is low.

The electrochemical impedance spectra in Figure 3C show
the resistivity at the end of the first discharge cycle. The cell
without P,Ss has much higher resistivity than that of the one
with P,Ss. The difference of the cell resistivity rises from the dif-
ference of ionic conductivity of the SEI layers. Without P,Ss, the
SEI on the lithium anode is resulting from the chemical reaction
of polysulfide with the lithium metal. The main component of
the SEI is Li,S, which is poor lithium ion conductor. With P,Ss,
the main component of the SEI is Li;PS,, which is a superionic
conductor of lithium ions. The EIS data are consistent with the
observation of low voltage hysteresis in Figure 1B.

Obviously, the passivation layer results from the chemical
reactions between P,Ss and lithium metal. This passivation
layer functions as a lithium ionic conductor that allows Li-ion
transport to and from the Li anode surface and prevents the
polysulfides from accessing and reacting with the Li anode. The
protection of the lithium metal anode eliminates the polysulfide
shuttle and results in the high coulombic efficiency during elec-
trochemical cycling.

2.3. Complexes of Li,S,/P,Ss Facilitate the Redox Reactions

As observed in the control experiment, the cell capacity decreased
rapidly in the first few cycles when a low surface area carbon
was used as the host material for Li-S batteries. The capacity

Adv. Funct. Mater. 2013, 23, 1064-1069
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Figure 3. A) XRD pattern and B) Raman spectrum of the passivation layer
on Li surface after the first cycle in 1 m LiTFSI solution in TEGDME with
P,Ss. C) The a.c. impedance measurements of Li-S batteries with and
without P,Ss after the first discharge cycle.

decay is associated with the loss of sulfur species through the
precipitation of lithium sulfide and disulfide.’] Although the
passivation of the lithium surface can improve the coulombic
efficiency of the battery, the dramatic improvement of capacity
retention in the experimental cell cannot be exclusively ascribed
to the cessation of the polysulfide shuttle. There must be an
additional mechanism functioning in the Li-S cell with P,Ss.
To reveal this mechanism, we started with a bench-top reaction
of Li,S with P,Ss. The photo in Figure 4 visually presents the
solubility of a series of mixtures of Li,S, (1 < x < 8) with and
without P,Ss in tetraethylene glycol dimethyl ether (TEGDME).
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Li2S/P2Ss  Li2S2/P2Ss  Li2Sa/P2Ss Li2Ss/P2Ss

LizS only

Li2S6/P2Ss

Figure 4. Photograph of 1) insoluble Li,S and dissolved Li,S,/P,Ss
(2. LizS/P;Ss, 3. LizS;/PsSs, 4. Li;S4/P,Ss, 5. Li,S¢/PSs, and 6. Li,Sg/P,Ss)
complexes in TEGDME. The weight ratio of solid to liquid in each vial
is 1:10.

The weight ratios of solid to liquid in these vials are fixed at
1:10. The turbid mixture in the first vial showed that Li,S is
insoluble in TEGDME. With 1:1 molar ratio of Li,S/P,Ss in the
second vial, we found that the mixture was completely dissolved
in TEGDME. The dissolution phenomenon was observed in all
vials that contains Li,S, (1 £ x < 8) and P,Ss. The color of the
complex depends on the length of the sulfur chain. The colors
of long-chain polysulfides are darker than those of the short-
chain polysulfides. Since P,Ss is a solid at room temperature,
the enhanced solubility of Li,S in TEGDME must be through a
complex of Li,S with P,Ss. The retention of the cycling capacity
of the experimental cell is attributed to the improved solubility
of Li,S and Li,S, in TEGDME by forming complexes with P,Ss.

The electrochemical properties of the Li,S,/P,Ss complexes
were investigated by cyclic voltammography (CV). The blank
CV of 0.1 M LiTFSI in TEGDME showed negligible current
between 1.5 and 3.2 V at a scan rate of 100 mV s~!. Figure 5
shows the cyclic voltammograms of Li,S/P,Ss, Li,S¢/P,Ss, and
Li,Sg/P,Ss in TEGDME with 0.1 m LiTFSI as the supporting
electrolyte. The scan rate was fixed at 100 mV s7!. No redox
peak was observed in the Li,S/P,Ss complex between 1.7 and
3.2 V. This complex can be reduced at potentials below 1.7 V
and be oxidized at potentials over 3.2 V. Obviously the forma-
tion of Li,S/P,Ss does facilitate the electrochemical oxidation of
Li,S within the potential range of electrochemical cycling. So
the improved cyclability of Li,S might be associated with the
high solubility of the Li,S/P,Ss complex. Intuitively, chemical
reactions between long-chain polysulfides and Li,S can be accel-
erated in homogeneous solutions. The CV curves of Li,S¢/P,Ss
and Li,Sg/P,Ss are quite similar. The onset of the reduction
peak is at 2.4 V, which corresponds to the first plateau at the
discharge curve. A reduction peak was observed at 2.0 V. This
peak corresponds to the second plateau in the discharge curve.
The peak representing the oxidation of long-chain polysulfides
(Li,;S,, x = 4) starts at 2.5 V, which agrees with the second pla-
teau of the charging cycle. The CV results are consistent with
the voltage profiles of the electrochemical cycling.

3. Conclusions

In summary, we found that P,Ss forms complexes with Li,S,
(1 £ x < 8). This reaction converts the less soluble species of
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Figure 5. Cyclic voltammograms of 10 wt% Li,S,/P,Ss (x=1, 6, and 8) in
TEGDME with 0.1 m LiTFSI as the supporting electrolyte. The scan was
conducted at 100 mV s7'.

Li,S and Li,S, into highly soluble complexes with P,Ss. Cyclic
voltammogram showed that P,Ss is electrochemically stable
between 1.7 and 3.2 V versus lithium. The capacity retention of
cycling Li-S battery was greatly improved when P,Ss was used
as an electrolyte additive. The enhanced solubility of Li,S in
organic electrolyte is accountable for improvements of battery
cycling.

P,Ss has been identified as the critical chemical of forming
a passivation layer on the surface of lithium metal anode. The
major component of the passivation layer is Li;PS,. The pas-
sivation layer functions as the solid electrolyte interphase with
a dense structure that is able to conduct lithium ions while pre-
venting access of the polysulfide to the surface of the metallic
lithium. The protection of the lithium surface blocks the
polysulfide shuttle and thus results in a high coulombic effi-
ciency for battery cycling. The long-term stability of the passi-
vation layer is still under investigation; it would be extremely
valuable to the research field if the passivation layer can miti-
gate the long-standing problem of dendritic growth of lithium
metal anode.

4. Experimental Section

Chemicals and Reagents: Lithium sulfide (Li,S), phosphorus
pentasulfide (P,Ss), sulfur (S), bis(trifluoromethane)sulfonimide lithium
salt (LiTFSI, 99.95% trace metals basis), and tetraethylene glycol
dimethyl ether (TEGDME) were purchased from Sigma-Aldrich and were
used without further purification.

Cyclic Voltammography: A solution was prepared as 10 wt% Li,S,/P,Ss
and 0.1 m LiTFSI in TEGDME. A mild ultra-sonication was employed to
accelerate the dissolution of solids. All solids can be dissolved within a
few minutes. Cyclic voltammography was performed on a potentiostat
(EG&QG) at a scan rate of 100 mV s™' at room temperature using the
above solution in a three-electrode cell, which consists of a working
electrode (glassy carbon), a counter electrode (Pt wire), and a reference
electrode (metallic Li). A blank CV test of 0.1 m LiTFSI in TEGDME was
conducted at identical conditions.
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Electrochemical Evaluation: Swagelok cells were used to evaluate
the cycling performance. Low surface area carbon black (surface area
=50 m? g7') coated aluminum foil (10 mm in diameter) was used as
the current collector of the sulfur cathode. Sulfur was loaded on to the
cathode by using a 10 wt% sulfur solution in carbon disulfide. A lithium
foil (10 mm in diameter) was used as the anode. The anode and cathode
were separated by a Celgard 3225 separator (10.3 mm in diameter). The
organic electrolyte was the solution of T m LiTFSI in TEGDME. P,Ss was
added to the electrolyte in format of Li,S/P,Ss complex with a molar
ratio of 1:1. The electrolyte of the experimental cell contained 5 wt% of
Li,S/P,Ss complex. The amount of electrolyte was defined by the voids
of the separator and the cathode. A total volume of 2 uL electrolyte was
used in each cell. The cathode, separator, and anode were pressed by a
spring to ensure tight contact, without an excess of electrolyte left in the
assembled cell. The control experiment was conducted under identical
conditions except for the electrolyte, which did not contain Li,S/P,Ss
complex. Charge and discharge were carried out using a Maccor 4000
series battery tester at a current density of 0.125 mA cm™ (0.1 C)
between the cut-off potentials of 1.7-3.2 V vs. Li/Li*. The cut-off current
for the charge cycle was set to 0.0125 mA cm=2. The calculation of
specific discharge capacities is based on the mass of elemental S.

Electrochemical Impedance Spectroscopic Study: The a.c. impedance
measurements were conducted in the frequency range of 10 MHz to
1 Hz with the amplitude of 10 mV by using a frequency response analyzer
(Solartron 1260). Two fresh cells, one with and one without P,Ss were
discharged to 1.7 V at a current density of 0.125 mA cm™2. The EIS data
was taken immediately after the cell potential reached 1.7 V.

Structure Characterization: The structures of Li surface before and
after cycling were examined using a field emission STEM (Hitachi
HF-3300) at 15 kV. The thickness of the passivation layer on the Li
surface was determined using an Image] software package. X-ray
diffraction (XRD) analysis was performed at a PANalytical X'pert PRO2-
circle X-ray diffractometer with a CuKo: radiation (A = 1.5418 A). The
operating voltage and current were 45 kV and 40 mA, respectively.
Raman spectroscopy was recorded from 600 to 100 cm™ on a Renishaw
Confocal MicroRaman spectrometer at room temperature.
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