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ABSTRACT: Tremendous effort has been put into developing viable
lithium sulfur batteries, due to their high specific energy and relatively
low cost. Despite recent progress in addressing the various problems of
sulfur cathodes, lithium sulfur batteries still exhibit significant capacity
decay over cycling. Herein, we identify a new capacity fading
mechanism of the sulfur cathodes, relating to Li,S detachment from
the carbon surface during the discharge process. This observation is
confirmed by ex-situ transmission electron microscopy study and first-
principles calculations. We demonstrate that this capacity fading
mechanism can be overcome by introducing amphiphilic polymers to
modify the carbon surface, rendering strong interactions between the
nonpolar carbon and the polar Li,S clusters. The modified sulfur
cathode show excellent cycling performance with specific capacity close

1

=_i k10 a
g "'*—‘“_.‘ L1 E
g o8 B
2 = Coulombic efficiency F o4 E
: » Modified electrode 5
E » Unmodification electrode F02 8

0+ 00
0 50 100 150 200 250
Cyde number

to 1180 mAh/g at C/S current rate. Capacity retention of 80% is achieved over 300 cycles at C/2.
KEYWORDS: Lithium sulfur batteries; energy storage; surface modification

Increasing the energy density of lithium batteries has become
an important focus of materials research, due to the urgent
needs of energy storage for vehicle electrification and grid scale
applications. To this end, lithium sulfur batteries can bring
about significant improvements to the current state-of-the-art
battery technologies in terms of higher specific capacity and
cost saving.'~* Sulfur cathode has a specific capacity of around
1673 mAh/g, which gives lithium sulfur batteries a specific
energy of around 2600 Wh/kg, much higher than the
conventional lithium ion batteries based on metal oxide
cathodes and graphite anodes. Commercial applications of
lithium sulfur batteries have not been very successful despite
several decades of research.” The major problems of sulfur
cathode include low active material utilization, poor cycling
performance and low Coulombic efficiency.® Much effort has
thus been put into improving the electrochemical performance
of the sulfur cathode. Of notable successes are the recent works
by Nazar et al, who pioneered the developments of
mesoporous carbon particles for sulfur encapsulation, and
achieved a very high specific capacity of around 1300 mAh/g.”®
Other nanostructured carbon materials that have been shown
to improve sulfur cathode performance include porous carbon
spheres,g’10 hollow carbon nanofibers,'""'? activated carbon
fiber,"”® and graphene oxides."*"> Several groups have also
demonstrated that oxides additives, such as mesoporous silica,16
titania,'” and metal—organic framework (MOF )'® can improve
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the sulfur cathode performance. In particular, modification of
the sulfur electrode by polar polymer additives is consistently
shown to improve the cycling performance.”'>"? Some
hypotheses were proposed to explain the effect of the polymer
additives, but there has been no specific evidence provided. The
difficulty in elucidating the contributions of the polymer
additives stem from the fact that it is very challenging to study
the sulfur electrode at nanoscale, either by spectroscopic or
microscopic methods. Sulfur can easily sublime under vacuum
and lithium polysulfides are sensitive to both air and moisture.
Recently, our group demonstrated a hollow carbon nanofiber/
sulfur composite cathode structure that exhibited a high specific
capacity of around 1500 mAh/g and improved cycle life. The
hollow carbon nanofiber structure provides an ideal platform
for studying the sulfur electrode at nanoscale. By confining the
sulfur in the hollow carbon nanofibers, it is possible to carry out
transmission electron microscopy (TEM) characterizations of
the sulfur cathode without significant damage to the sample.
In this work, we investigated the structural change of the
sulfur cathode using the hollow carbon nanofibers. It was
observed that lithiation of sulfur resulted in the detachment of
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Figure 1. Ex situ study of hollow carbon nanofiber encapsulated sulfur cathode. (a) TEM image of the sulfur cathode before discharge. The yellow
line represents the EDS counts of the sulfur signal along the dark line. (b) TEM image of the sulfur cathode after fully discharge to 1.7 V. The scale
bars in parts a and b are 500 nm. (c) Discharge profile of the sulfur cathode. Insets are schematics showing the morphological change of sulfur
cathode after discharge. (d) EELS signal of lithium K-edge and sulfur L-edge of the discharge sulfur cathode.
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Figure 2. Theoretical calculation of molecular binding. First-principles calculations showing the interaction between the carbon surface and S (a),
LiS (b), and Li,S (c). The numbers represent the bond lengths between the sulfur atoms and the carbon surface in each case. The insets show the

top views of the molecular configurations.

the lithium sulfide from the carbon surface, indicating the
importance of interfacial effect in contributing to the sulfur
cathode decay. We performed first-principles calculations to
study how lithiation changes the chemical interaction between
sulfur and the carbon surface. The results showed a significant
decrease in binding energy between the lithium sulfide and the
carbon. In light of this new understanding, we modified the
interface between the carbon and sulfur with amphiphilic
polymers and showed a much-improved cycling performance of
the modified electrode.

Results and Discussion. TEM Study. Fabrication of the
electrodes was based on our previously reported method (see
Methods in the Supporting Information)."" Figure la shows the
TEM image of the sulfur-filled hollow carbon nanofiber. The
yellow line indicates the energy-dispersive X-ray spectroscopy
(EDS) counts of sulfur signal, which is distributed within the
carbon fiber. The as-fabricated sulfur cathode was then
assembled into a 2032-type coin cell (MTI) with lithium
metal as the counter electrode. The electrolyte was 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 1 wt %
lithium nitrate (LiINO,) in 1,3-dioxolane and 1,2-dimethoxy-
ethane (volume ratio 1:1). The battery was discharged at C/S

current rate to 1.7 V and held at this voltage for another 24 h
until the discharge current was smaller than S5 pA. The
discharge profile (Figure S2, Supporting Information) exhibits
the typical two-plateau behavior of sulfur cathode. The second
plateau is relatively flat, indicating good reaction kinetics
between the lithium and sulfur. Figure 1b shows the TEM
image of a sulfur cathode after the first discharge. The inner
core is identified as lithium sulfide based on the electron energy
loss spectra (EELS), which show lithium K-edge and sulfur L-
edge from the core (Figure 1d). The image shows clear
shrinking of lithium sulfide away from the carbon wall along the
length of the hollow nanofiber (Figure S3, Supporting
Information). This observation is surprising as the density of
lithium sulfide is lower than that of sulfur, which means that
lithiated sulfur undergoes volumetric expansion.* Separation of
lithium sulfide from the carbon wall means that the
intermediate polysulfides could have leaked out from the
hollow carbon nanofibers through the openings. The extra Li2S
could have precipitated and segregated from the carbon matrix,
resulting in the loss of electrical contact and capacity decay

(Figure Ic).
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Figure 3. Results of the modified hollow carbon nanofiber with PVP. (a) Schematic showing the interaction between PVP and carbon surface
(upper). First-principles calculation shows the interaction between the discharge products and the functional group on the polymer. (b) Schematics
of the polymer modified sulfur cathode before (left) and after discharge (right). (c¢) TEM image of the sulfur cathode after functionalization with
polymer and infusion of sulfur. The yellow line represents the EDS counts of sulfur signal along the dashed line. (d) TEM image of the sulfur

cathode after fully discharge. The scale bars are 500 nm.

DFT Simulation. To elucidate the mechanism of lithium
sulfide detachment, we performed first-principles calculation to
study the interaction between the lithium sulfide species and
the carbon surface. For simplicity, we used single-layer
graphene as the modeling substrate to represent the carbon
surface, and Li S (0 < x < 2) clusters as the models for the
lithium sulfides species at discharge. The approach may not give
an absolute quantification of the binding strength between the
lithium sulfide species and the carbon surface, but will provide a
qualitative understanding on the importance of interfacial effect
on cycling performance. Figure 2 shows the most stable
adsorption configuration for Li,S when x = 0, 1, and 2. For
single sulfur atom adsorption case (x = 0), the most stable
position is the bridge site, on top of the C—C bond (Figure 2a).
The calculated binding energy is 0.79 eV, in agreement with the
previously reported result.'* When sulfur reacts with lithium,
there is a dramatic decrease in binding energy with the carbon
surface. For LiS and Li,S clusters, the distances between the
sulfur atoms and the graphene surface are 3.38 A and 3.67 A,
respectively (Figure 2, parts b and c), much larger than the 2.16
A for elemental sulfur. The corresponding binding energies
between Li,S and the carbon surface are 0.21 eV (LiS) and 0.29
eV (Li,S), smaller than that for elemental sulfur. The
weakening of sulfur adhesion to the carbon surface, coupled
with the increased ionic binding within the lithium sulfide
compounds, leads to the detachment of lithium sulfides species
from the carbon surface and self-aggregation during further
discharge process. Precipitation of lithium sulfide thin film on
top of the sulfur electrode has been reported in several previous
studies,”' >* which are in line with the prediction of material
segregation between carbon and lithium sulfide.

The results suggest that the interfacial effect between the
lithium sulfide and the carbon can play important role in sulfur
cathode degradation. Dissolution of lithium polysulfides has

long been understood to be the major problem of sulfur
cathode, and much effort has been devoted to encapsulatin
sulfur in some forms of conductive nanostructures.**””
However, loss of polysulfides into the electrolyte may not be
the sole reason contributing to capacity decay. In operando
transmission X-ray microscopy imaging indicated that dis-
solution of sulfur into electrolyte was not as severe as
previously expected.”’ Ex-situ study involving electrolytes
analysis by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) has also shown a relatively constant
polysulfides concentration in the electrolytes over cycling,”®
despite significant capacity decay. The TEM study here reveals
valuable insight into the nanoscale interaction in the electrode,
suggesting that sulfur cathode degradation is a multifaceted
problem that requires rational design at different length scales:
(1) Proper functional groups are needed to modify the interface
between the carbon and sulfur in order to stabilize the
discharge products. The chemical moieties need to have good
binding strength with both the highly polar lithium sulfide and
the nonpolar carbon surface. (2) The contact surface area
between sulfur and the electrolyte should be minimal to reduce
the mobility of lithium polysulfide within the carbon matrix. (3)
Sulfur should be evenly distributed in the electrode to prevent
inhomogeneous precipitation of lithium sulfide.

Following these guiding principles, we investigated the effect
of adding amphiphilic polymers in modifying the interface
between sulfur and the hollow carbon nanofiber. We chose
polyvinylpyrrolidone (PVP) due to its simple molecular
structure and availability. Also, PVP is known to have strong
binding with carbon surface from aqueous solution,*”*° due to
the strong thermodynamic driving force in eliminating the
hydrophobic interface. We computed the binding energy
between Li,S clusters and the functional groups of the added
polymers. In this case, N-methyl-2-pyrrolidone (NMP) is used
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as the modeling molecule to represent the functional groups in
PVP. The results show that Li atoms in Li,S compounds can
always bind to oxygen atom in the organic molecules (bond
length ~1.85—1.89 A), giving high binding energies of 1.29 and
1.01 eV for the LiS-NMP and Li,S-NMP systems respectively-
(Figure 3a). In general, oxygenated groups exhibit much higher
binding strength with LiS compounds. In addition, the
hydrophobic groups in PVP allow anchoring of the polysulfides
species within the carbon matrix (Figure S4b, Supporting
Information). Figure 3b illustrates how the presence of polymer
in the hollow carbon nanofiber can improve the cathode
performance by retaining lithium sulfide in close proximity to
the carbon surface.

Amphiphilic Modification of Electrode. To introduce the
polymer, 2 mL of PVP (MW = 55000) solution in methanol
was added to the carbon coated anodized aluminum oxide-
(AAO) template and the mixture was sonicated for about S
min. The AAO template was then retrieved and rinsed with
water to remove the excess solvent. The change in the mass of
the AAO tempate after polymer funcionalization was measured
(Sartorius SE2 Ultra Micro Balance) and the amount of PVP
added into the hollow carbon nanofiber was around S0 pg.
Sulfur was infused into the hollow carbon nanofibers using the
same method as above. The AAO template was then etched
away to form the polymer modified sulfur cathode (Figure S4a,
Supporting Information). Figure 3c shows the TEM image of
the polymer modified hollow carbon fiber after sulfur infusion.
The yellow line represents the EDS counts of sulfur signal
across the nanofiber. The sulfur cathode was tested in a 2032-
type coin cell with the same parameters as above.

The discharge voltage profile of the polymer modified sulfur
cathode is similar to the unmodified structure (Figure SS,
Supporting Information). Figure 3d shows the TEM image of
the sulfur cathode after discharge to 1.7 V and resting for 24 h.
The TEM image of the discharge cathode did not show
detachment of lithium sulfide from the carbon surface. The
small spots (Figure 3d and Figure S4c (Supporting
Information)) suggest that localized detachment of lithium
sulfide could still occur. Nevertheless, the integrity of sulfur
cathode indicates the polymer has been effective in stabilizing
the polysulfides within the carbon nanofiber, preventing the
segregation of lithium sulfide from the carbon surface.

Electrochemical Performance. The electrochemical per-
formance of the modified hollow carbon nanofiber/sulfur
cathode showed marked improvement as compared to previous
result. Figure 4a shows the rate capability performance of the
modified sulfur cathode. At C/S, a specific capacity of around
1180 mAh/g was achieved. The specific capacities were around
920 mAh/g and 820 mAh/g at C/2 and 1C, respectively. The
voltage hysteresis also decreased from about 350 mV at 1C to
about 180 mV at C/S (Figure 4d). When the current rate was
switched from C/5 to C/2 at the 40th cycle, the specific
capacity at C/2 is slightly higher than before from 10th to 20th
cycle (Figure 4a). The slight capacity loss observed during
cycling is not permanent. In a separate cycling test, the cell was
stopped after 80 cycles of charge/discharge and allowed to rest
for about 24 h (Figure S6, Supporting Information). The
galvanostatic cycling was then restarted at the same C rate. The
cycling data shows that the specific capacity increases about 7%
after the resting. The reversible capacity loss could be due to
the excess precipitation of insulating lithium sulfide, which
becomes electrochemically inaccessible on the electrode. When
the cell was switched to low C rate or temporarily stopped, the
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Figure 4. Electrochemical performance of the modified hollow carbon
nanofiber cathode. (a) Specific capacities of the PVP modified sulfur
cathode at C/S, C/2 and 1C cycling rates. (b) Comparison of cycling
performance at C/2 with and without the PVP modification. (c)
Galvanostatic charge/discharge voltage profiles of the cathode at C/2
for the 1st, 10th, S0th, and 200th cycles. (d) Comparison of voltage
profiles for cycling at different C rates.

inactive lithium sulfide would react with the polysulfide and
become active again.31 This further confirms that reducing
segregation of lithium sulfide in the electrode can play an
important role in improving cycling performance. Figure 4b
shows the cycling performance of the modified cathode at C/2
current rate. Instead of the rapid initial decay generally
observed in the unmodified electrodes, the first few cycles
showed a slight increase in specific capacity from 828 to 838
mAh/g. The amphiphilic polymers provide anchoring points
that allow lithium sulfides to bind strongly with the carbon
surface. Subsequent cycles showed very stable performance,
with less than 3% decay over the first 100 cycles. The capacity
retention was over 80% for more than 300 cycles of charge/
discharge, with Coulombic efficiency at around 99%.

Figure 4c shows the voltage profiles of the first, 10th, 50th
and 200th cycles at C/2. The first discharge shows a small
initial plateau, probably due to the reaction between sulfur and
the electrolytes. The voltage profiles from the 10th cycle
onward are quite similar to each other. The hysteresis between
the charge and discharge cycles also decreases significantly
during cycling, which could be due to the mitigation of
electrode resistance during cycling.

To demonstrate the general applicability of this electrode
modification approach, we tested another common amphiphilic
polymer Triton X-100. The cycling test showed nearly 90%
capacity retention for over 100 cycles in the stabilized region
(Figure Sa). For the simulation of binding energy, dimethyl
ether (DME) was used as the modeling molecule to represent
the functional group in Triton X-100. The results show that the
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Figure 5. Electrochemical performance and molecular binding models of the sulfur cathode modified with Triton-X100. (a) Cycling performance of
sulfur cathode modified with Triton X-100. (b) Molecular models for the interaction between the lithium sulfide clusters, LiS (left) and Li,S (right),
and the DME molecule. (c) Schematic showing the effect of Triton X-100 in facilitating the binding of lithium sulfide to the carbon surface.

binding energy between the Li atom and the oxygen in the
ether group is 0.85 and 0.66 eV for LiS-DME and Li,S-DME,
respectively (Figure Sb). These binding energy are slightly
lower than that in the PVP system, as reflected by the faster
capacity decay. Overall, the presence of amphiphilic polymer
helps enhance the interfacial binding between the discharged
sulfur and the carbon (Figure Sc).

In summary, we have identified that detachment of lithium
sulfide from the carbon surface can be an important
contributing factor to the initial capacity decay observed in
lithium sulfur batteries. Interfacial modification of carbon with
amphiphilic polymers helps stabilize the discharge products and
improve the cycling performance. We demonstrated that the
modified sulfur cathode could achieve stable performance of
more than 300 cycles with 80% capacity retention.
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