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ABSTRACT: The complicated reactions at the cathode−
electrolyte interface in Li−S batteries are a large barrier for
their successful commercialization. Herein, we developed a
molecular design strategy and employed three small molecules
acting as interfacial mediators to the cathodes of Li−S
batteries. The theoretical calculation results show that the
incorporation of tris(4-fluorophenyl)phosphine (TFPP) has a
strong binding performance. The experimental results
demonstrate that the strong chemical interactions between
polysulfides and the F, P atoms in TFPP not only modify the
kinetics of the electrochemical processes in the electrolyte but
also promote the formation of short-chain clusters (Li2Sx, x =
1, 2, 3, and 4) at the interface during the charge−discharge
process. As a result, an optimized electrode exhibits a low capacity decay rate of 0.042% per cycle when the current rate is
increased to 5 C over 1000 cycles.
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1. INTRODUCTION

Lithium−sulfur (Li−S) batteries are regarded as one of the
most promising energy storage devices for next-generation
batteries, owing to their high specific energy (2600 W h kg−1)
and superior theoretical specific capacity (1675 mA h g−1)1−3

Despite these considerable advantages, practical applications of
rechargeable Li−S batteries remain a challenge as a result of
several issues. These include the low electrical conductivity of
sulfur and its solid discharging products (Li2S or Li2S2), the
shuttle effect associated with soluble intermediate polysulfides
(LiPSs), and the volume expansion of sulfur upon lithiation4−8

Many strategies have been proposed to mitigate these
challenges, including conductive host substances7,9−16 (e.g.,
porous carbon nanotube, doped graphene) and specific
inorganic anchoring materials1,17−23 (e.g., TiO2, CoS2, Ti3C2
MXene nanoribbon, and V2O5). These approaches have
improved the capacity and cycling stability of Li−S batteries
to a large extent. Even so, the use of these batteries in actual
electric vehicles or large-scale energy storage systems requires
both the overall sulfur content in the batteries and the overall
sulfur-loading area to be significantly increased, which in turn
leads to an increased shuttle effect, slow redox kinetics, and
more undesirable side reactions.6,24,25 Especially the compli-
cated reactions at the cathode−electrolyte interface are still a
large barrier for the successful commercialization of Li−S
batteries.5,26,27 Recently, various sophisticated strategies28−32

have been researched with the aim of efficiently promoting

battery reactions without lowering the overall energy density.
Wen and co-workers33,34 discovered that mediation at the
cathode−electrolyte interface by Li salts reduces the over-
potential, lowers the internal resistance associated with Li−S
redox reactions, and increases the energy density of Li−S
batteries. Zhang et al.35 developed a cooperative interface
based on “sulfiphilic” Ni−Fe-layered double hydroxides and
“lithiophilic” nitrogen-doped graphene as a means of
enhancing the retention of LiPSs and promoting the formation
of Li2S. Introducing various interfacial mediators into the
cathodes of Li−S systems has become a popular strategy.
However, considering the complexity of these mediator
compositions and their uncertain molecular structural
characteristics on the atomic scale, it is difficult to obtain an
in-depth understanding of the mediating mechanism as well as
the structure−performance relationship.
In the present work, we developed a molecular design

strategy and employed a series of small molecules with specific
structures, including tris(4-fluorophenyl)phosphine (TFPP),
triphenylphosphine (TPP), and triphenylphosphine oxide
(TPPO), as interfacial mediators in cathodes for Li−S systems.
The theoretical calculation results show that the incorporated
TFPP has the strongest binding performance among the three
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small molecules. The electrochemical impedance spectroscopy
(EIS) and in situ UV−visible spectroscopy data together with
other experimental results demonstrate that the strong
chemical interactions between LiPSs and the F, P atoms in
TFPP not only modify the kinetics of the electrochemical
processes in the electrolyte, but also promote the formation of
short-chain clusters (Li2Sx, x = 1, 2, 3, and 4) at the interface
during the charge−discharge process. As a result, an optimized
electrode exhibits a low capacity decay rate of 0.042% per cycle
when the current rate is increased to 5 C over 1000 cycles.
Additionally, upon increasing the sulfur loading area to 4.2 mg
cm−2, the battery maintains a much higher discharge capacity
of 549 mA h g−1 after 140 cycles.

2. RESULT AND DISCUSSION
A schematic illustration of the battery configuration is
presented in Figure 1. In contrast to previously reported

CNTs/S cathodes,12,17,36 our work employed a design based
on three electrodes with small molecules (TFPP, TPP, and
TPPO) that adhered to the surface of carbon nanotubes
(CNTs) as mediators via π−π stacking interactions. The
resulting cathodes are referred to herein as CNTs/S/TFPP,
CNTs/S/TPP, and CNTs/S/TPPO, respectively. Standard
2025 coin cells were assembled using a cathode with the
mediator versus a metallic lithium anode (details of the
experiments are provided in the Experimental Section in the
Supporting Information). For comparison, a cell using a
CNTs/sulfur cathode without a mediator was also fabricated
and is referred to as the CNTs/S specimen. The rate
performances of CNTs/S/TFPP cathodes with different
mass ratio of TFPP are summarized in Figure S1. A TFPP
level of 5 wt % evidently shows the highest discharge capacity
at various rates. For this reason, all CNTs/S/TFPP cathode
materials used in subsequent work contained 5 wt % TFPP
unless otherwise noted.
Cycle voltammetry (CV) plots obtained from the CNTs/S/

TFPP, CNTs/S/TPP, CNTs/S/TPPO, and CNTs/S cathodes
over the initial four cycles are presented in Figures 2A and S2.
It can be seen that CNTs/S/TFPP and CNTs/S/TPP had
more positive onset potentials during the reduction process
compared with CNTs/S/TPPO and CNTs/S. Table S1
summarizes the voltage hysteresis (ΔV) and Ipa/Ipc (where
Ipa and Ipc are the oxidative and reductive peak currents,
respectively) values derived from the CV data. Compared with

CNTs/S/TPP, CNTs/S, and CNTs/S/TPPO, the CNTs/S/
TFPP cathode generated the lowest ΔV and its Ipa/Ipc value
was closest to 1.37 These results suggest low internal resistance,
high reversibility, and rapid conversion of polysulfides in this
CNTs/S/TFPP cell. Figure 2B shows the rate performances of
the CNTs/S/TFPP, CNTs/S/TPP, CNTs/S/TPPO, and
CNTs/S cathodes over the range from 0.2 to 2 C (1 C =
1675 mA h g−1). The Galvanostatic charge−discharge curves
produced by the four cathodes at various current rates (0.2−2
C) are presented in Figures 2C,D and S3. Among the four
cathodes, CNTs/S/TFPP delivered the highest discharge
capacity at all rates. This cathode exhibited a high initial
capacity of 1492 mA h g−1 at the rate of 0.2 C, which was
reduced to 1041, 941, and 866 mA h g−1 when the rate was
increased to 0.5, 1, and 2 C. In addition, the CNTs/S/TFPP
cathode had the lowest degree of electrochemical polarization
(i.e., the lowest voltage hysteresis, ΔEv)

17 in its Galvanostatic
charge−discharge curve (see Table S2), which is consistent
with the polarized voltage value (ΔV) obtained from the CV
data (Table S1).
Cycling stability is an important factor when assessing the

performance of Li−S batteries, and the data acquired during
prolonged cycling of CNTs/S/TFPP and CNTs/S at 1 C are
summarized in Figure 2E. It is evident that the capacity of the
CNTs/S/TFPP cell was always higher than that of CNTs/S at
1 C throughout the 400 cycles. When the current rate was
increased to 5 C (Figure 2F), the CNTs/S/TFPP cathode still
showed a capacity of 300 mA h g−1 after 1000 cycles,
representing a low capacity decay rate of 0.042% per cycle.
These data demonstrated excellent stability at a high current
rate. In addition, a CNTs/S/TFPP cathode with a sulfur
loading of 4.2 mg cm−2 was assembled and cycled. Figure 2G
shows that the CNTs/S/TFPP cathode retained a capacity of
545 mA h g−1 after 140 cycles. Based on the high sulfur loading
in related electrodes, the performance of CNTs/S/TFPP is
comparable to those recently reported for other devices (Table
S3). These results demonstrate the high performance of the
CNTs/S/TFPP cathode, as well as its potential for practical
applications.
EIS was employed to assess the interfaces in the various

specimens, and Figure 3A−C shows the Nyquist curves for
CNTs/S/TFPP, CNTs/S/TPP, and CNTs/S, respectively, as
acquired at 2 C with different cycles. Based on the work by Liu
et al.,19,38 it is known that the profiles of the three cathodes,
which exhibit one semicircle in the high-frequency zone,
suggest charge-transfer resistance, whereas the other semicircle
in the medium frequency range corresponds to a solid film
composed of Li2S and Li2S2. These curves were fitted as shown
in Figure 3D.19 According to the fitting results in Figure 3E,
the charge-transfer resistance values (Rc) for the CNTs/S/
TFPP, CNTs/S/TPP, and CNTs/S cathodes over the span of
5 to 500 cycles ranged from 10 to 20 Ω. In contrast, the
interfacial resistance values (Ri) of the cathodes with mediators
differed significantly from that for the standard cathode. The Ri
values for the CNTs/S cathode also increased gradually from 5
to 500 cycles, whereas the values for CNTs/S/TFPP and
CNTs/S/TPP became lower, especially that of CNTs/S/
TFPP. It is evident that the cathodes with small molecule
mediators accelerated the conversion reactions in the solid film
composed of Li2S and Li2S2, whereas reducing the amount of
insulating products and mitigating interfacial deterioration
during the charge−discharge process.6,33,38 Obviously, these
results indicate that enhanced redox kinetics and increased

Figure 1. Schematic of electrode configuration for Li−S battery with
TFPP, TPP, and TPPO.
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reaction efficiency resulted from the use of TFPP as a
mediator.6

The interfacial influence of F, Li, and S throughout the
cathodes was further investigated by X-ray photoelectron
spectroscopy (XPS). Considering the distraction of the
poly(vinylidene fluoride) (Figure S3), the electrode binder
was changed to sodium alginate (C6H7O6Na) prior to
acquiring the F 1s and Li 1s spectra. The high-resolution F
1s spectra acquired from the four electrodes after the cycles are
shown in Figure 4A. It is evident that the spectrum produced
by the CNTs/S/TFPP is different from those of the other
three cathodes. In the case of the F 1s spectra, the peak
generated by the CNTs/S/TFPP appears at 688.6 eV,
indicating electron-acquisition behavior39,40 and suggesting
that there was a tendency to form F−Li bonds. In addition, the

peak at 686.4 eV associated with LiF39 in the CNTs/S/TFPP
spectrum is almost nonexistent, meaning that the F−Li bonds
in this system were different from those in typical LiF
compounds. The Li spectrum (Figure 4B) contains a peak
attributed to TFPP that has a distinct low-field shift, suggesting
the existence of lithium bonds.41−43This result together with
the EIS analyses above (Figure 3) confirms that the F in the
TFPP undergoes strong chemical anchoring to LiPSs species to
accelerate Li+ transport between low-chain and high-chain
sulfides at the interface, which in turn retards the degradation
of the interface during cycling.6,33,34In the high-resolution S 2p
spectra (Figure 4C), the S−P interaction peak appears at 163.9
eV44 in the case of those cathodes having small molecules, and
the peak produced by CNTs/S/TFPP is stronger than those
generated by the other two cathodes with meditators (CNTs/

Figure 2. Electrochemical performances of CNTs/S/TFPP compared with CNTs/S/TPP, CNTs/S/TPPO, and CNTs/S. (A) Third cycle of CV
profiles, (B) rate performance, (C) galvanostatic discharge−charge plots at various rates. (D) Galvanostatic discharge−charge plots at 0.2 C. (E)
Cycling stability of CNTs/S/TFPP and CNTs/S cathode at 1 C. (F) Cycling performance of CNTs/S/TFPP cathode at 5 C. (G) Cycling stability
of CNTs/S/TFPP with 4.2 mg cm−2 at 0.1 C.
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S/TPP and CNTs/S/TPPO). These data suggest the presence
of powerful S−P interactions in CNTs/S/TFPP, which may
accelerate the catalytic conversion of polysulfides. To provide
further evidence, the CNTs/S/TFPP, CNTs/S/TPP, and
CNTs/S cathodes were employed to obtain CV data in H-
shaped electrolytic cells. During these trials, the color of
CNTs/S/TFPP in the right chamber, which was filled with a
LiPSs solution, was observed to fade after 200 cycles (Figure
S6). This result demonstrates that the mediator TFPP
effectively converted the LiPSs and thus greatly suppressed
the shuttle effect.19

It is important to study the reaction mechanisms of these
units in depth, and so working electrodes were fabricated from
CNTs with TFPP or TPP and pure CNTs without mediators.
In situ UV−visible spectroscopy (Figure S6) was used to assess
the CNTs, CNTs/TFPP, and CNTs/TPP electrodes in a Li2S8
solution during the discharge process. The data (Figure S7)
showed that the primary reaction intermediates included S8

2−

(appearing at 560 nm), S6
2− (475 nm), S4

2− (420 nm), and
S3*

− (617 nm) radicals.45,46 These data indicated simultaneous
electrochemical and chemical reactions in the Li−S system, in
agreement with the expected sulfur chemistry. Additional
observations showed that the S8

2− and S4
2− levels in the CNTs

electrodes were altered only slightly, which agree with the
decreased Ipa/Ipc and ΔEv values obtained from the data in
Figure 2. Interestingly, compared with that of the CNTs/TPP
electrode, the concentration of S8

2− species in the CNTs/
TFPP electrode was found to be higher, whereas the S4

2−

species concentration was lower during the discharge process.
Considering the results of the EIS, H-type, and XPS analyses
above, it appears that strong chemical interactions between the
TFPP and LiPSs not only modify the kinetics of the
electrochemical processes in the electrolyte, but also promote
the formation of short-chain clusters (Li2Sx, x = 1, 2, 3, and 4)
at the interface during the charge−discharge process.
In our prior work, the lithiation reaction was found to

correlate with the highest occupied and lowest unoccupied

Figure 3. Study of the interfaces in the various specimens. The
Nyquist plots of (A) CNTs/S/TFPP, (B) CNTs/S/TPP, and (C)
CNTs/S; (D) Nyquist EIS and corresponding equivalent for CNTs/
S/TFPP; (E) electrolyte resistance (Re), the charge-transfer resistance
(Rc), and the interface resistance (Ri) of the three cathodes.

Figure 4. Study of chemical interactions between small molecules and LiPSs. (A) F 1s, (B) Li 1s, and (C) S 2p XPS spectra of CNTs/S/TFPP,
CNTs/S/TPP, CNTs/S/TPPO, and CNTs/S.
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molecular orbitals and the energy levels of TPP, TPPO, and
TFPP.47 Thus, a systemic theoretical study of lithium storage
properties was performed, using a first principles method, and
the resulting structures and frontier orbitals are presented in
Figure S8. The energy values associated with the adsorption of
LiPSs composites at various lithiation states during interactions
with TPP, TPPO, TFPP, and the CNTs were examined by
considering different initial configurations, and the associated
energy diagrams and optimal adsorption geometries are
provided in Figure 5A,B. It is apparent that the TFPP
molecules exhibit the strongest binding performance. In the
case of unlithiated S8 adsorption, the cluster was parallel to one
phenyl plane with a vertical range of 3.46 Å, and there were
little or no effects on the cluster structures, with very few
electrons transferred from the cluster to the TFPP molecule.
At the onset of lithiation, the adsorption strength between

the LiPSs and TFPP molecules was enhanced to some extent,
thus reducing the distance between S atoms and TFPP
molecules and increasing the transfer of valence electrons. This
led to strong ionic bonding and enhanced the anchoring effect.
The stable configurations for LiPSs attached to TFPP
demonstrate that the LiPSs compounds were closest to the P
atoms of the TFPP. In particular, the intermediate state (Li2S4)
was adsorbed perpendicular to the phenyl plane, whereas the
initial states (Li2S8 and Li2S6) were anchored almost parallel to
the phenyl plane (Figure 5B). In the case of pristine CNTs,
there was minimal electron transfer between the LiPSs and the
substrate, and the interaction between the two substances was
due to physical adsorption via van der Waals forces. Stronger
interactions would be expected to promote the formation of
short-chain (Li2Sx, x = 1, 2, 3, and 4) clusters and accelerate
the conversion reaction during the charge−discharge process.
These effects are reflected by the Ri of the cathode with TFPP
as the mediator, as determined from the previous EIS data in
Figure 3, as well as the results of in situ UV−visible

spectroscopic analysis of the CNTs/TFPP electrode in Figure
S7.
Prior research had shown that weak physical interactions

between active LiPSs and various conducting scaffolds (such as
graphene and CNTs) affect the rate cycling ability and increase
electrode polarization, impeding the rapid, steady cycling
performance expected from Li−S batteries.48 Therefore, in the
present work, the interactions of LiPSs with TFPP were
assessed based on the atomistic thermodynamics of intact and
decomposed LiPSs. In particular, two possible decomposition
routes were compared, involving Li2S8 and LiS8Li. Figure 5C
provides the binding energies and optimal configurations for
both intact and decomposed Li2S8. The adsorption energy
differences between the intact form and both decomposed
configurations were positive, demonstrating that an additional
energy input is needed to decompose the intact Li2S8. Thus,
adsorption of the LiS8Li cluster structure on the CNTs/S/
TFPP proceeds preferentially, promoting the formation of
Li2S4 products. This conclusion is consistent with the previous
in situ UV−visible spectroscopy data in Figure S7. It is
apparent that the anchoring effects of TFPP primarily originate
from chemical interactions between the LiPSs species and F
and P atoms in the TFPP, and that these interactions are
sufficient to overcome the weak adsorption of LiPSs on the
CNTs. Additionally, it is likely that O atoms in TPPO
molecules modify the P−S bonds, which also decreases the
adsorption of the LiPSs. The strengths of the bonding of the
LiPSs to the mediators decrease in the order of TFPP > TPP >
TPPO. The mediators work to prevent the LiPSs from
dissolving into the electrolyte, thereby improving the cycling
performance of the Li−S batteries.

3. CONCLUSIONS

This work demonstrated a small molecular design strategy by
introducing three small molecules acting as interfacial

Figure 5. The effect of small molecule on lithiation reaction. (A) Calculated adsorption energy diagram of LiPSs interacting with TPP, TPPO,
TFPP, and CNTs. (B) Schematic top (up) and side (front) views of optimal adsorption sites between LiPSs and TFPP. The carbon, hydrogen,
oxygen, fluorine, phosphorus, lithium, and sulfur elements were represented by grey, white, red, cyan, lavender, purple, and yellow, respectively. (C)
Binding energies and optimal configurations of intact and decomposed Li2S8.
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mediators to the cathodes of Li−S batteries. Batteries
employing TFPP as a cathode mediator exhibited excellent
cycling stability and high capacity retention. An experimental
unit delivered a reversible specific capacity over 1000 cycles at
5 C with an ultralow capacity degradation of 0.042% per cycle.
Furthermore, EIS, XPS, and in situ UV−visible spectroscopy
data together with theoretical calculations confirmed that this
outstanding performance can be ascribed to chemical
interactions between LiPSs and F, P atoms in the TFPP.
These interactions suppress the shuttle effect and enhance the
kinetics during liquid−liquid phase transition, while also
promoting the initial activation of liquid−solid transformations
at the interface. Employing this small molecular design strategy
to improve battery performance offers a promising avenue for
in-depth mechanistic investigations of mediator-controlled
kinetics as well as structure−performance relationships.
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