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ABSTRACT: The rational design of effective polysulfide catalysts
to alleviate shuttle effects and improve sulfur conversion kinetics is
still a significant challenge for high-performance lithium−sulfur
batteries. The organometallic palladium molecule comes to mind
because of its ultrahigh catalytic activity in many industrial
syntheses. Herein, a tetrakis(triphenylphosphine)palladium (TPP)
catalyst decorated graphene (Gh) interlayer sandwiched between the
sulfur infiltrated carbon nanotubes’ (CNTs-S) cathode and the
separator is developed. A combination of in situ spectroscopy,
electrochemical characterization, and theoretical calculations unveils
that in the battery system, the dissociation of a triphenylphosphine
(PPh3) opens the lid of TPP and thus provides enough space for
absorbing/catalyzing both long-chain and short-chain lithium polysulfides (LiPSs) via Pd−S bonds, while a great number of P atoms
in TPP with good Li+ affinity can homogenize the Li+ flux and facilitate Li+ transport in the battery through P−Li bonds. Because of
the synergistic effect, lithium−sulfur batteries using a CNTs-S/Gh/TPP cathode manifest an excellent cycle stability with a high
capacity retention of 83.7% and an areal capacity of 2.44 mAh cm−2 during 180 cycles at 0.1 C under a high sulfur loading of 4.43 mg
cm−2. This work builds a bridge between organic catalysis and an electrochemical battery.
KEYWORDS: lithium−sulfur batteries, lithium polysulfides, catalysts, tetrakis(triphenylphosphine)palladium, interlayers

■ INTRODUCTION
With the urgent desire for high-energy-density rechargeable
devices, a lithium−sulfur (Li−S) battery is deemed as the most
attractive energy storage device beyond transitional Li-ion
batteries because of its low cost and drastically superior specific
energy.1 However, the principal problems of Li−S battery are
the sharp capacity degradation and poor cycle life caused by
the migration of intermediate lithium polysulfides (LiPSs) and
the sluggish reaction kinetics of complex transformation
process, which is a formidable challenge facing the
commercialization of Li−S batteries.2 Fortunately, consider-
able studies have been performed to solve these problems by
cathode modification, including employing nonpolar porous
carbon hosts3−6 or interlayers7 to physically entrap LiPSs and
restrict their movement and developing effective polar
adsorbents (e.g., functionalized carbon,8 metal oxides,9−11

metal organic frameworks,12 and MXenes13) to chemically
anchor LiPSs at the cathode side. Despite some positive effects
to suppress the shuttle effect, the slow LiPS conversion kinetics
problem is hard to be solved fundamentally just through such
physical and chemical confinement strategies.
To overcome the shuttle effect and improve the reaction

kinetics of LiPSs simultaneously, a wide variety of catalysts
(e.g., metals,14 metal sulfides,15 and metal phosphides16,17)

have been adopted. Although there have been advances in
enhancing the battery performance, the poor electronic
conductivity and low active site utilization of the solid catalysts
usually cannot meet the requirements for adsorption of a large
amount of LiPSs. Thus, rational exploration of more efficient
catalysts for LiPS conversion is still a great challenge.
Palladium (Pd)-based molecular catalysts, which have a high

tolerance for various functional groups, have been considered
as an omnipotent solution to catalyze many important
reactions in organic synthesis, pharmaceutical chemistry, and
material science fields (as shown in Figure S1).18,19 In view of
the dominant position of Pd-based molecular catalyst in
catalytic industry, introducing it into battery systems to
catalyze electrochemical surface reactions seems a good
strategy for improving the battery performance. Very recently,
a clue can be found in the fuel cell field. An outstanding oxygen

Received: April 11, 2022
Accepted: June 21, 2022
Published: July 4, 2022

Articlewww.acsaem.org

© 2022 American Chemical Society
8538

https://doi.org/10.1021/acsaem.2c01078
ACS Appl. Energy Mater. 2022, 5, 8538−8546

D
ow

nl
oa

de
d 

vi
a 

W
E

N
Z

H
O

U
 U

N
IV

 o
n 

A
ug

us
t 1

9,
 2

02
2 

at
 0

7:
58

:1
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Binbin+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuo+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yangyang+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuang+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tingting+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huagui+Nie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.2c01078&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01078?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01078?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01078?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01078?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c01078/suppl_file/ae2c01078_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01078?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/5/7?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/7?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/7?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/7?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.2c01078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf


reduction reaction (ORR) kinetics was achieved at a Ni−N4
site.20 In the element periodic table, sulfur is in the next period
of oxygen, and the elements in the next period of Ni and N are
Pd and P, respectively. Motivated by our recent work on
periodic expansion catalysis,21 a material with a Pd−P4 site
should be promising for catalyzing sulfur reduction reaction
(SRR) kinetics. On the basis of this background, tetrakis-
(triphenylphosphine)palladium (TPP, Pd(PPh3)x, x = 4)
comes to mind because of its low cost, wide universality to
the substrate, and ultrahigh catalytic efficiency in coupling
reactions, as illustrated by the Nobel Prize in 2010. Therefore,
in this contribution, we present a Li−S battery with good cycle
life and electrochemical performance by using TPP supported
on a graphene (Gh) interlayer connected to the sulfur
infiltrated carbon nanotubes’ (CNTs-S) cathode current
collector (as schematically shown in Figure 1a). A combination
of in situ spectroscopy, theoretical simulations, and electro-
chemical techniques was used to comprehensively clarify the
interfacial reaction mechanisms. As far as we know, this is the
first utilization of TPP as a catalyst in Li−S chemistry, which
successfully builds a bridge between organic catalysis and
electrochemical battery.

■ RESULTS AND DISCUSSION
Material Structures. The structural characteristics of Gh/

TPP were first investigated by X-ray photoelectron spectros-
copy (XPS). As found in Figure S2, after combining with Gh,
the Pd 3d and P 2p XPS peaks of TPP shift to higher binding
energy regions, indicating TPP combines with Gh via a strong
π−π stacking interaction.22 The successful combination of
TPP with Gh was also confirmed by Fourier transform infrared
(FTIR) study of Gh/TPP (Figure S3), in which the
characteristic vibration bands of Gh at 1634.2 cm−1 and the
TPP at 686.5, 1121, 1434, and 3051 cm−1 can be clearly
distinguished. Thanks to the π−π interaction, the Gh/TPP
composites become insoluble in the electrolyte, which
contrasts sharply with the high solubility of TPP in electrolyte
(Figure 1b). Thereupon, the as-synthesized Gh/TPP compo-
site was coated on a CNTs-S cathode as an interlayer via a
simple scraping process (denoted as CNTs−S/Gh/TPP). For
comparison, a reference Gh-modified CNTs−S cathode was
also prepared (denoted as CNTs−S/Gh). Figure 1c gives a
cross-section scanning electron microscopy (SEM) image of
the CNTs-S cathode capped by the Gh/TPP interlayer,
revealing an ultrathin Gh/TPP interlayer with a thickness of

Figure 1. (a) Schematic illustration of Li−S batteries with Gh/TPP interlayer. (b) Optical photographs of TPP and Gh/TPP in electrolytes. (c)
The cross-sectional SEM image of CNTs-S cathode with Gh/TPP interlayer. (d) EDX mapping images of C, P, and Pd elements corresponding to
the top-view SEM image the of CNTs-S/Gh/TPP composite cathode. (e) Optical photographs of pristine Li2S6 electrolyte, Gh/TPP, and Gh
soaked in the Li2S6 solution after 6 h. (f) High-resolution XPS spectra of P 2p and Pd 3d for Gh/TPP without and with Li2S6 adsorption. (g) 31P
NMR spectra of Gh/TPP and Li2S6-treated Gh/TPP. (h) The Eads between Li2Sn (n = 8, 6, 4, 2, 1) and Gh and Gh/TPP (Pd(PPh3)x, x = 3).
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∼4.0 μm contacts well with the CNTs-S (∼20.0 μm) cathode
surface. Notably, the weight of the TPP accounts for only
∼1.3% of the whole composite cathode. The homogeneous
distribution of TPP molecules in the interlayer was confirmed
by the energy dispersive X-ray (EDX) mappings of CNTs-S/
Gh/TPP composite cathode (Figure 1d), where P, Pd and C
elements are uniformly distributed on the cathode surface.
Strong adsorption with LiPSs is the premise of the sulfur

conversion process in a Li−S system; thus, a visual
discrimination test for adsorption capability toward Li2S6 was
carried out. Gh possesses a certain physical adsorption ability
to Li2S6 due to its porosity, as probed by the Brunauer−
Emmett−Teller (BET) results (Figure S4). Nevertheless, the
physical adsorption strength of the host material is too limited
to trap Li2S6 efficiently, resulting in a pale-yellow solution, as
found in Figure 1e. In contrast to the Gh sample, Gh/TPP
shows a strong fixation with LiPSs, which would be beneficial
for the subsequent catalytic conversion of LiPSs. To under-
stand the binding of Gh/TPP toward LiPSs, XPS measure-
ments were performed before and after adsorption of Li2S6. As
presented in Figure 1f, after fully interacting with Li2S6,
obvious shifts to higher and lower binding energy for P 2p and
Pd 3d peaks are observed on Gh/TPP, respectively. Moreover,
a P−Li peak (128.5 eV) emerges in the P 2p spectrum of Li2S6
on Gh/TPP (Figure 1f).23 These results verify the existence of
chemical adsorption between soluble LiPSs and TPP via the
transfer of electrons from P to Li. The 31P NMR spectra of
Gh/TPP with and without Li2S6 (Figure 1g) further
demonstrate that the peak in Gh/TPP has an upshift of
∼0.5 ppm with the presence of Li2S6, indicating the P nucleus
is more deshielded by Li2S6 environments, which in turn
confirms the strong binding between P of TPP and Li of LiPSs.
In addition, density functional theory (DFT) calculations were
also conducted to evaluate the interaction strength between
LiPSs and Gh/TPP surface. Before modeling the molecular
configurations, the dissociation energies of TPP were first
calculated on the basis of the fact that TPP undergoes a
spontaneous dissociation of a PPh3 in solution environment,
releasing a Pd(PPh3)3 with 16 electrons to participate the
reactions. As shown in Table S1, it takes the least energy for a

TPP molecule to remove a PPh3, and a further dissociation is
thermodynamically unfavorable. Thus, the TPP (Pd(PPh3)x, x
= 3) was used for following modeling. Figure S5 shows the side
views of the optimized adsorption configurations for various
LiPSs (Li2Sn, n = 8, 6, 4, 2, 1) on Gh and Gh/TPP surfaces,
where the LiPSs obtain more electrons from TPP via S−Pd
bond. The calculated adsorption energies (Eads) are given in
Figure 1h. All these Eads values of Li2Sn + Gh/TPP (n = 8, 6, 4,
2, 1) are lower than those for Li2Sn (n = 8, 6, 4, 2, 1) binding
with Gh, which demonstrates that the cathode active materials
are effectively anchored on Gh/TPP. The results are in
agreement with the above adsorption and XPS experiments.
Due to the synergistic effect of physical and chemical
interaction with LiPSs, the yellow color of the Li2S6 solution
fades and turns nearly colorless with the addition of Gh/TPP
powder after 6 h (Figure 1e), although the specific surface area
and mesopore volume of Gh/TPP are smaller than those of Gh
(Figure S4), confirming the better Li2S6 adsorption capability
of Gh/TPP than the pure Gh. The reason for the lack of Li2S6
adsorption test directly using pure TPP is the high solubility of
TPP in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME)
solution, as shown in Figure S6.
Electrochemical Properties. To examine the superiority

of TPP for enhancing the electrochemical properties of the
cathode, cyclic voltammetry (CV), rate performance, galvano-
static charge/discharge profile, and cycling stability tests were
carried out on the assembled Li−S batteries with CNTs−S/
Gh/TPP electrodes. The TPP catalyst mass ratio to Gh of 1:5
in the interlayer is proved to be optimum for the battery
performance (see Figure S7). The CV curves of the sulfur
cathodes with and without TPP are shown in Figure S8. The
cathodic sweep produces the two pronounced peaks at ∼2.3
(P1) and ∼2.05 V (P2), which stand for the transformation of
S8 to soluble LiPSs and subsequently to insoluble Li2S2/Li2S,
respectively, while the anodic scan presents two separated
peaks at ∼2.3 (P3) and 2.35 V (P4), corresponding to the
transformation from Li2S2/Li2S to LiPSs and eventually
S8.
24−27 It is evident that the CNTs−S/Gh/TPP electrode is

able to maintain an excellent cyclic reversibility based on well-
overlapped CV curves after the first cycle (Figure S8).28

Figure 2. (a) The CVs of the CNTs−S/Gh/TPP and CNTs−S/Gh electrodes between 1.6 and 2.8 V for the second cycle (sweep rate: 0.1 mV
s−1). (b) Rate capabilities of the CNTs−S/Gh/TPP and CNTs−S/Gh electrodes cycled from 0.2 to 2 C. (c) The second galvanostatic charge/
discharge voltage profiles of CNTs−S/Gh/TPP and CNTs−S/Gh-based batteries at 0.2 C. QH and QL are defined as the capacities at higher and
lower discharge platforms, respectively. (d) The amplification of the charge/discharge profiles in Figure 2c. (e) Cycling performance with
Coulombic efficiency of CNTs−S/Gh/TPP and CNTs−S/Gh electrodes assembled Li−S batteries at 1 C (sulfur loading = ∼ 1.5 mg cm−2). (f)
Cycling performance with Coulombic efficiency of CNTs−S/Gh/TPP electrode at 0.1 C (sulfur loading = ∼ 4.43 mg cm−2).
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Furthermore, the second-cycle CVs of both cathodes are
plotted in Figure 2a. In contrast to CNTs−S/Gh, the CNTs−
S/Gh/TPP electrode exhibits a lower voltage hysteresis (ΔV,
Table S2), a larger collection coefficient (IL/IH, Table S2), a
higher reduction/oxidation current along with an obvious shift
to positive/negative potential (Figure S9), and a smaller Tafel
slope (Figure S10), suggesting the introduction of TPP into a
cathode can efficiently improve redox reactivity and reduce the
electrochemical polarization by kinetically accelerating the
sulfur electrochemical reactions. Figure 2b shows the rate
capabilities of the Li−S batteries assembled by CNTs−S/Gh/
TPP and CNTs−S/Gh electrodes. The considerable discharge
capacities of 1451.3, 1050.9, 963.1, and 890.9 mAh g−1 are
obtained by CNTs−S/Gh/TPP-based battery at 0.2, 0.5, 1,
and 2 C (1 C = 1675 mA g−1), respectively; as the rate returns
to 0.2 C, its discharge capacity is rapidly recuperative to 1096.7
mAh g−1. The discharge capacities for the CNTs−S/Gh/TPP-
based battery are 12% higher than those of the CNTs−S/Gh-
based battery (1266.3, 941.8, 869.5, and 808.2 mAh g−1 at 0.2,
0.5, 1, and 2 C, respectively) at the same rate, illustrating the
preponderant rate capacities and high electrochemical
reversibility relating to the effective catalytic activity of TPP.
In the galvanostatic charge/discharge voltage profiles of the

CNTs−S/Gh/TPP electrode (Figure 2c and Figure S11a), two
long and flat discharge/charge voltage plateaus, a small voltage
hysteresis ΔE of 176.2 mV (Figure S12a) and a high QL/QH
value of 2.44 (Figure S12b) are observed at 0.2 C, in
agreement with the CV results (Figure 2a). In contrast, the
CNTs−S/Gh-based battery exhibits smaller discharge/charge
capacity, an increased voltage polarization (ΔE: 194.5 mV,
Figure S12a) and a low QL/QH value (2.38, Figure S12b) in
Figure 2c and Figure S11b. Lower polarization value ΔE and
higher QL/QH value are indicative of the accelerated redox
reaction kinetics and better catalysis of TPP for promoting
conversion from short-chain LiPSs to Li2S/Li2S2 in the Li−S
battery. It is noteworthy that the CNTs−S/Gh/TPP-based
battery produces a higher discharge capacity of 362.3 mAh g−1

than the CNTs−S/Gh-based battery (331.3 mAh g−1) at the
first plateau around 2.3 V (Figure 2d), which implies the
higher active sulfur utilization rate and rapid liquid−liquid
conversion.29 Also, the CNTs−S/Gh/TPP-based battery
shows a smaller interfacial energy barrier of 32.4 mV than

that of CNTs−S/Gh-based battery (34.2 mV), indicating the
promoted kinetics of Li2S nucleation, deposition and
conversion by the catalysis of TPP.30

Considering durability and high sulfur loading are critical
parameters for the commercialization of Li−S batteries, the
long-term cycle stabilities of the battery with CNTs−S/Gh/
TPP electrode at sulfur loadings of ∼1.5 and 4.43 mg cm−2

were tested, respectively. From Figure 2e, after an activation
treatment at 0.1 C for 10 cycles, the CNTs−S/Gh/TPP-based
battery with a sulfur loading of ∼1.5 mg cm−2 at 1 C
demonstrates a high discharge initial capacity of 842.7 mAh g−1

and a retained capacity of 455.6 mAh g−1 after 700 cycles as
well as a high Coulombic efficiency of ∼98%, corresponding to
a low degradation of 0.07% per cycle, showing its excellent
inhibition ability of LiPS shuttling and kinetics enhancement.
Under the same condition, the CNTs−S/Gh and CNTs−S
electrodes can only deliver low initial discharge capacities of
642.5 and 545.7 mAh g−1 (Figure 2e and Figure S13),
respectively. Their capacities rapidly decay to 330.1 (CNTs−
S/Gh) and 240 mAh g−1 (CNTs−S) at the 500th cycle with
higher degradations of 0.1% and 0.11% per cycle, due to the
sluggish reaction kinetics of LiPSs and the irreversible sulfur
loss. In Figure 2f, the thick CNTs−S/Gh/TPP electrode with a
sulfur loading of 4.43 mg cm−2 retains an impressive discharge
capacity of 551.5 mAh g−1 (capacity retention: 83.7%) and an
areal capacity of 2.34 mAh cm−2 at 0.1 C after 180 cycles.
Mechanistic Insights into Catalytic Kinetics of Li−S

Batteries. Apart from the strong anchoring effect by TPP, the
catalysis of LiPS conversion is another vital factor for the
outstanding electrochemical performance of the Li−S battery.
To reveal the catalytic effectiveness and interfacial kinetics of
TPP in improving the sulfur conversion reaction in Li−S
batteries, the cathodes were analyzed by means of symmetric
cells, galvanostatic intermittent titration technique (GITT),
and electrochemical impedance spectroscopy (EIS). Li2S6
symmetric cells using CNTs/Gh/TPP and CNTs/Gh electro-
des were assembled and measured with CV, respectively.
Apparently, the CNTs/Gh/TPP-based cell harvests stronger
redox currents than the CNTs/Gh-based cell (Figure 3a),
implying that TPP provides access for electronic charge to
reach electrode/LiPSs interface and trigger ultrafast LiPS
conversion kinetics. Such accelerated charge transfer is further

Figure 3. (a) CVs of Li2S6 symmetric cells between −1.0 and 1.0 V (scan rate: 0.1 mV s−1). (b) The Nyquist plots of the two electrodes after 150
cycles. (c) The fitted Rct values of CNTs-S/Gh/TPP and CNTs-S/Gh electrodes at different cycles. (d) GITT profiles of the two cathodes for the
first discharge and charge. The potential-dependent normalized intensity of (e) S82−, (f) S62−, (g) S42−, and (h) S3*− at CNTs/Gh/TPP and
CNTs/Gh electrode surfaces during discharge.
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verified by EIS results (Figure 3b,c and Figure S14). From the
Nyquist plots of two cells after different cycles and their
corresponding analysis (Figure 3b and Figure S14), the cell
with CNTs-S/Gh/TPP composite cathode exhibits lower
charge transfer resistance (Rct) and larger semi-infinite
Warburg impedance with respect to the CNTs-S/Gh cathode,
confirming the acceleration of electronic and ion trans-
portation at the electrode and the improvement of the reaction
kinetics toward LiPS conversion with assist of TPP.31,32

Further important insights into the kinetically limiting
processes are obtained by GITT.33,34 In the experiments, a
series of current pulses at 0.1 C are delivered, each pulse is
followed by a relaxation period (2 h) to equilibrium. As shown
in Figure 3d, the CNTs-S/Gh/TPP electrode presents a larger
capacity of 1402.8 mAh g−1 than that of the CNTs-S/Gh
electrode (1121.6 mAh g−1). What’s more, a smaller voltage
change in CNTs-S/Gh/TPP electrode than that in CNTs-S/
Gh sample is observed during charge/discharge progresses,
suggesting a lower reaction resistance in CNTs-S/Gh/TPP
electrode. It can be inferred that the CNTs-S/Gh/TPP
electrode can enhance Li+ insertion/extraction kinetics than
CNTs-S/Gh sample.
In situ UV−vis spectroscopy is considered as an efficient

tool to track the transformation of LiPS intermediates at the

electrode/electrolyte interface during battery cycling.35 Thus,
CNTs/Gh/TPP and CNTs/Gh electrodes in Li2S8 solutions
were detected by UV−vis spectroscopy at different discharge
states, and the collected spectra are displayed in Figure S15.
On the basis of our previous reports,22,36 the absorbance peaks
at 492, 475, 420, and 617 nm represent the species of S82−,
S62−, S42−, and S3*−, respectively.37 In accordance with the
relationship between the intensity and concentration, a further
quantitative analysis of different LiPSs in Figure S15 was
carried out by plotting the normalized peak intensity as a
function of potential. Figure 3e−h compares the changes in
normalized intensities of S82−, S62−, S42−, and S3*− on the two
electrodes during discharge. Unlike the CNTs/Gh electrode
with much less intensity variation, the significant declines in
the intensities of S82−, S62−, S42−, and S3*‑ are observed on the
TPP-containing electrode during the entire discharge process,
indicating TPP has a vigorous converting function toward both
long-chain and short-chain LiPSs.
For a more accurate demonstration of such a high LiPS

conversion efficiency and mechanism, semi-in situ XPS
measurements were conducted at CNTs-S/Gh/TPP and
CNTs-S/Gh electrodes. The coin cell was discharged to
different potential states at 0.2 C and then disassembled inside
the glovebox to take out the separator and Li anode for

Figure 4. S 2p XPS spectra for (a) CNTs-S/Gh/TPP and (b) CNTs-S/Gh electrodes at different discharge states. The (c) Pd 3d and (d) P 2p
XPS spectra for CNTs-S/Gh/TPP electrode at different discharge states. The Li 1s XPS spectra for (e) CNTs-S/Gh and (f) CNTs-S/Gh/TPP
electrodes at different discharge states.
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photograph and extract the cathode for XPS analysis. The
peaks between 166.0 and 172.0 eV are attributed to salt lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 169.5/170.6 eV)
and sulfite arising from the decomposition of the LiTFSI
(167.5/168.5 eV). For CNTs-S/Gh/TPP electrode, the S 2p
XPS spectrum at 2.8 V shows main S8 peaks (164.2/165.3 eV)
with shoulder peaks of Li2Sn (162.5/163.6 eV, 4 ≤ n ≤ 8) in
Figure 4a. Upon discharging to 2.1 V, the Li2Sn (4 ≤ n ≤ 8)
peaks become stronger. As the electrode is discharged to 1.6 V,
the Li2S peaks at lower binding energies of 160.5/161.7 eV
dominate the spectrum with the weak Li2Sn (4 ≤ n ≤ 8)
peaks.38 In contrast, the CNTs-S/Gh electrode shows lower
signals for the sulfur species at different discharge states
(Figure 4b), suggesting its lower conversion efficiency of LiPSs
than the CNTs/Gh/TPP electrode. This can also be proved by
the photographs of the separator and Li anode from the two
cells after discharged to 1.6 V (Figure S16), where less yellow
color and corrosion can be found on the separator and Li
anode from CNTs-S/Gh/TPP-based cell, demonstrating that
there are less LiPS shuttling and fast LiPS conversion in CNTs-
S/Gh/TPP-based cell. Additionally, a significant shift in Pd 3d
peaks toward higher binding energy is observed during
discharging (Figure 4c), which can be ascribed to the electron
transfer from Pd of TPP to S of LiPSs. Similarly, the P 2p
peaks on CNTs/Gh/TPP electrode shift to higher binding
energies (Figure 4d), while its Li 1s peak shifts from 55.8 eV to
a lower binding energy of 55.4 eV (Figure 4f) during
discharging from 2.8 to 1.6 V, demonstrating a strong binding
and electron transfer between LiPS and TPP through P−Li
bond. These findings are in consistent with the ex situ XPS and
DFT results in Figure 1.
Given the liquid−solid conversion contributes nearly 75% of

theoretical capacity during discharge, the acceleration effect in
this important process should be carefully investigated. For the
liquid−solid conversion kinetics, the Li2S nucleation/deposi-
tion and Li+ diffusion rate are usually significant parameters to

guarantee fast electrochemical reaction in polysulfide trans-
formation chemistry. Hence, the potentiostatic discharge
experiments of Li2S8 solution were first designed on the
surfaces of CNTs/Gh/TPP and CNTs/Gh. As shown in
Figure 5a−b, three parts, corresponding to the reduction of
Li2S8 (red), Li2S6 (blue), and the nucleation of solid Li2S
(yellow), respectively, contribute to the I−t curves.39,40 It is
evident that a potentiostatic current peak with a high
nucleation capacity of 314.5 mAh g−1 for the CNTs/Gh/
TPP composite cathode appears earlier than that for CNTs/
Gh electrode (nucleation capacity: 198.5 mAh g−1), revealing
chemisorption and catalysis superiority of TPP toward
accelerating the liquid−solid conversion kinetics and improv-
ing the utilization of active materials. After the Li2S deposition,
the Li2S dissolution was also investigated by potentiostatically
charging the cells at 2.35 V. As exhibited in Figure S17, a much
earlier (1676 s) and a higher amount of Li2S decomposition
(corresponding to 285.3 mAh g−1) on CNTs-S/Gh/TPP than
the CNTs-S/Gh electrode (132.5 mAh g−1 at 2378 s)
represent the best catalytical capability of TPP to enhance
Li2S oxidation kinetics. Besides, the Li+ diffusion coefficient
(DLi+) can be quantitatively estimated based on the slope of
the linear fitting line of peak current at various scan rates
(Figure 5e) monitored by CVs (Figure 5c,d).41,42 As presented
in Table S3, the CNTs−S/Gh/TPP electrode exhibits the
larger Li+ diffusion coefficients for the cathodic and anodic
peaks, further demonstrating that the usage of TPP in cathode
is capable of boosting fast Li+ transport and LiPS redox kinetics
during discharge/charge processes. Meanwhile, climbing image
nudged elastic band (CI-NEB) simulations were applied to
calculate the migration barriers for Li+ on anchoring materials.
Figure S18 displays the front views of optimized atomic
geometry conformations of Li+ migration pathways on Gh/
TPP and Gh surfaces. As shown in Figure 5f, the calculated
energy barriers are 0.19 and 0.26 eV, corresponding to the
surfaces of Gh/TPP and Gh, respectively, indicating the

Figure 5. Potentiostatic discharge curves of Li2S8 solution on (a) Gh/TPP and (b) Gh electrodes at 2.05 V. CVs of (c) CNTs−S/Gh/TPP and (d)
CNTs−S/Gh cathodes between 1.6 and 2.8 V at various scan rates. (e) Fitting lines of the peak currents in Figure 5c,d to square root scan rate. (f)
Li+ migration energy profiles on Gh/TPP and Gh surfaces.
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greater ability toward Li+ mobilization and better reaction
kinetics on Gh/TPP surface.

■ CONCLUSIONS
In summary, a TPP modified Gh interlayer has been
successfully constructed in the cathode region of Li−S
batteries. In the interlayer, the dissociation of a PPh3 from
the TPP catalyst reduces the steric hindrance for LiPSs and
makes abundant sulfiphilic Pd sites exposed for absorbing/
catalyzing LiPSs, while lithiophilic P atoms in the catalysts and
the porous Gh conductive substrate ensure high-efficiency Li+
and electron transmission. The synergistic function of the
interlayer effectively retards the polysulfide shuttling and
significantly enhances redox reaction kinetics, thus giving rise
to a Li−S battery with outstanding electrochemical perform-
ance (capacity retention of 83.7% and areal capacity of 2.44
mAh cm−2 over 180 cycles at 0.1 C under a sulfur loading of
4.43 mg cm−2). The present work provides a reasonable and
new strategy for solving the shuttle effect and sluggish reaction
kinetics problems in Li−S batteries.
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