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ABSTRACT: Lithium−sulfur (Li−S) batteries are attracting
substantial attention because of their high-energy densities
and potential applications in portable electronics. However, an
intrinsic property of Li−S systems, that is, the solubility of
lithium polysulﬁdes (LiPSs), hinders the commercialization of
Li−S batteries. Herein, a new material, that is, carbon nitride
phosphorus (CNP), is designed and synthesized as a superior
LiPS adsorbent to overcome the issues of Li−S batteries. Both
the experimental results and the density functional theory
(DFT) calculations conﬁrm that CNP possesses the highest
binding energy with LiPS at a P concentration of ∼22% (CNP22). The DFT calculations explain the simultaneous existence of
Li−N bonding and P−S coordination in the sulfur cathode when CNP22 interacts with LiPS. By introducing CNP22 into the
Li−S systems, a suﬃcient charging capacity at a low cutoﬀ voltage, that is, 2.45 V, is eﬀectively implemented, to minimize the
side reactions, and therefore, to prolong the cycling life of Li−S systems. After 700 cycles, a Li−S cell with CNP22 gives a high
discharge capacity of 850 mA h g−1 and a cycling stability with a decay rate of 0.041% cycle−1. The incorporation of CNP22 can
achieve high performance in Li−S batteries without concerns regarding the LiPS shuttling phenomenon.
KEYWORDS: carbon nitride phosphorus, lithium−sulfur batteries, adsorbent, lithium polysulﬁdes, shuttling phenomenon, P−S bond,
DFT calculation

1. INTRODUCTION
The rapid development of modern society and the electronic
and automobile industries have led to the need for electrochemical-energy-storage systems (ESSs) that eliminate the
problem of smog related to internal combustion engine and
their release of NOx, SOx, CO2, and other particulates. There is
also a need to develop advanced rechargeable batteries with
excellent properties, for example, a high capacity, a low weight,
a low cost, and a high level of safety, to satisfy the everincreasing energy demand for ESSs. Among various rechargeable systems, lithium-ion batteries (LiBs) address the need for
ESSs and have become prominent in portable electronics and
stationary applications. However, statistics about battery
technology growth to date show that conventional LiB systems
are reaching their theoretical limits, are expensive to produce,
and have some safety issues.1,2 Until now, Li−S batteries have
been considered as the potential candidate for next-generation
ESSs because of their high theoretical capacity and energy
density, that is, up to 1673 mA h g−1 and 2600 W h kg−1,
respectively.3,4 Despite these advantages, some technical
problems associated with both Li anodes and S cathodes
remain and hinder the wide commercialization of Li−S
© XXXX American Chemical Society

batteries. The obstacles related to the anode include Li
nucleation and sharp dendritic growth during battery
cycling.5−9 On the cathode side, the shuttle phenomenon,
natural insulating properties of S, and volume expansion of the
S cathode (∼80%) are major problems that cause signiﬁcant
capacity fading in Li−S batteries.10−12 Recently, the construction of an artiﬁcial solid−electrolyte interphase layer on
the reﬁned Li metal surface13−15 and the use of Al2O3/graphite
as an anode surface passivation layer to maintain a thin and
stable SEI layer and to mitigate the shuttle eﬀect have been
recorded.16 Some research groups have discovered that the
self-healing of the Li surface by a high current density
treatment can signiﬁcantly suppress the Li dendritic growth17
or the parasitic reaction of LiPS with the Li anode.18
Noticeable improvements in the S cathode performance have
been achieved by various techniques. For example, some
studies have reported that the electrochemical performance of
Li−S batteries is enhanced by a porous C interlayer between
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the S cathode and a polyoleﬁn ﬁlm (PF).19−21 In addition,
free-standing carbon nanoﬁber and carbon paper have also
been investigated as eﬃcient interlayers that are highly
eﬀective in limiting the shuttling phenomenon and acting as
the second current collector, thereby greatly increasing the cell
performance.22,23 However, unfavorable interactions between
nonpolar C and polar soluble LiPS are the main cause of the
inability of the interlayer to maintain battery performance.
Other studies have focused on the use of PF modiﬁed by metal
compound (TiO2, InN, SnS2, FeCo2S4, Co(OH)2, Fe3O4, and
MoO3@CNT) as cathode frameworks because of their natural
polarization properties, which enable good adsorption of
LiPS.24−30 Despite good LiPS adsorption, two key factors, that
is, low conductivities and high densities, of such metal
compound simultaneously decrease the energy density of
Li−S battery systems. In other cases, C surfaces have been
modiﬁed by N doping to increase the LiPS adsorption
capability, while retaining the electrical conductivity. However,
the LiPS adsorption of these materials is ﬁnite and can be
attributed to the low doping concentration.31,32
Recently, the conventional carbon nitride (CNP0) has
generally been applied in Li−S batteries as a supporting
material to capture LiPS. However, the electrochemical
performance has been achieved at low S loading (0.85−2.3
mg cm−2).33−37 Weak LiPS adsorption and the very poor
electrical conductivity of carbon nitride are considered to be
the main causes limiting the eﬀectiveness of this material. To
bypass these issues in Li−S batteries, a new material needs to
be developed and applied not only for the stability of Li−S
batteries but also for the application of high-S-loaded cathodes.
Herein, carbon nitride phosphorus (CNP) is designed and
synthesized by the simultaneous pyrolysis of urea and
diammonium phosphate for applications in the cathode side
of Li−S batteries. CNP exhibits strong LiPS adsorption and
possesses a higher electrical conductivity38 than CNP0.
Density functional theory (DFT) calculations show that
there is a critical level of substitution of C by P atoms,
which results in an increase in the electrical conductivity and
the binding strength between LiPS and the CNP substrate.
Two diﬀerent mechanisms of LiPS adsorption on CNP-coated
PF and pristine PF are proposed, as shown in Scheme 1. The
analysis of the projected density of states (PDOSs), charge
density diﬀerences, and Bader charge further shows that in
addition to electrostatic interactions between Li and N atoms,
P forms covalent bonds with S (P−S coordination), which
enhances the binding strength of LiPS molecules with the CNP
substrate. CNP, therefore, gives not only pyridinic N but also
generates additional P binding sites for superior LiPS
adsorption.

Scheme 1. Schematic Model Compares the Diﬀerent
Mechanisms of LiPS Adsorption between CNP22/PF (Left)
and Pristine PF (Right) in the Li−S Batteries

yield of CNP22 is substantially higher (16.8%) than that of CNP0
(3.6%) (see analysis in the Supporting Information and Figure S5).
After pyrolysis, the CNP samples were ground, ultrasonicated, and
then washed three times with deionized water and ethanol before
drying at 80 °C in a vacuum oven for 24 h to obtain the ﬁnal
products. The surface area of CNP0 (22 m2 g−1) and CNP22 (16 m2
g−1) and the pore size distributions were conﬁrmed by the Brunauer−
Emmett−Teller and Barrett−Joyner−Halenda methods (Figure
S2b,c).
2.2. CNP-Coated PF Fabrication. PF modiﬁcation is one of the
most eﬀective methods to achieve high eﬃciency and to minimize the
shuttle phenomenon in Li−S batteries.17 Therefore, CNP22 was
coated uniformly on the PF (CNP22/PF) to capture and reutilize
LiPS eﬃciently. The CNP22/PF was fabricated by coating a slurry
comprising CNP22, super P carbon (TIMCAL), vapor-grown carbon
ﬁber, and polyvinylidene ﬂuoride binder (a ratio of 7:1:1:1) on the
commercial PF (Celgard 2500). The density of the coated layer was
ca. 0.7 mg cm−2. Figure S4a shows digital photographs of CNP22/PF
as casted and after drying. The thickness of the coated layer was also
investigated by a 3D laser microscope, as seen in Figure S4b. To
optimize the P concentration in CNP, other samples such as CNP0,
CNP7.2, CNP14, CNP29, and CNP36 coated-PF were also prepared.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis of CNP. CNPx was simply
synthesized and produced with a high yield as noted in the
Experimental Section and Figures S1 and S2. The morphologies of CNP0 and CNP22 were investigated by scanning
transmission electron microscopy, which show nanoporous
structures and uniform distributions of C, N, and O for CNP0
(Figure S3a) and C, N, O, and P for CNP22 (Figure S3b,c). Xray diﬀraction (XRD) was used to investigate the crystal
structures of CNP0, CNP7.2, CNP14, and CNP22, which
correspond to P concentrations of 0, 7.2, 14, and 22%,
respectively (Figure 1a). The XRD pattern of CNP0 shows
two peaks, at 13.1° and 27.3°, corresponding to the (100) and
(002) planes, respectively. Interestingly, the peak intensities
decrease with increasing content of P in CNP, and no peak is
observed for CNP22. In addition, high-resolution TEM images
(Figure 1b,c) and their corresponding selected-area electron
diﬀraction (SAED) patterns (Figure 1d,e) conﬁrm the
crystallographic structures of CNP0 and CNP22. The CNP0-

2. EXPERIMENTAL SECTION
2.1. CNP Synthesis. Herein, polar CNP materials were
synthesized by simple pyrolysis of urea ((NH 2 ) 2 CO) and
diammonium phosphate ((NH4)2HPO4), as shown in Figure S1. In
detail, a mixture of (NH2)2CO and (NH4)2HPO4 was placed in a
crucible, which was then sealed with an aluminum foil and a cover on
top. The pyrolysis was performed at 550 °C for 2 h in a box furnace in
air at a ramp rate of 5 °C min−1 (Figure S1a). The amount of
(NH4)2HPO4 was varied to change the P concentration in the CNP
samples, that is, CNPx (x = 0, 7.2, 14, 22, 29, and 36) corresponding
to P concentrations in CNP of 0, 7.2, 14, 22, 29, and 36%,
respectively, as shown in Figure S2a. The average particle sizes of
CNP0 and CNP22 are smaller than 200 nm as seen from scanning
electron microscopy (SEM) images (Figure S1b,c). The obtained
B
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Figure 1. Structural analysis of CNP. (a) XRD patterns of CNP0, CNP7.2, CNP14, and CNP22; (b,d) high-resolution TEM images and SAED
patterns for CNP0; (c,e) high-resolution TEM images and SAED patterns for CNP22. The images show that CNP0 has a crystalline phase, whereas
CNP22 is a mainly amorphous material. (f,g) Lattice constants of CNP0 and CNP22, respectively; the atomic bonding structures in insets in part
(f,g) are used for DFT calculation, with black, blue, and pink spheres represent C, N, and P atoms, respectively. (h,i) Corresponding electron band
gap structures obtained by using hybrid GGA and the SE06 functional, for CNP0 and CNP22, respectively.

SAED pattern shows two diﬀraction rings, that is, inner
(bright) and outer (dim) rings, corresponding to the (100)
and (002) planes (Figure 1d). No diﬀraction ring is observed
in the CNP22-SAED pattern (Figure 1e). These results are in
agreement with the XRD patterns, which conﬁrm that the
crystallinity of CNP0 diﬀers from that of CNP22 and that the
CNP structure varies according to the P content. The atomic
bonding structure of CNP22 is assumed as shown in the inset
in Figure 1g, based on the following proofs. First, to
incorporate the P atoms in the atomic structure of CNP0,
the DFT calculations were performed for both interstitial and
substitutional doping P, which shows the substitutional doping
P in CNP0 oﬀering the minimum energy conﬁgurations. In all
cases of substituting P to C or N, only the substitution of the
edge C (C1 positions in the inset in Figure S14a) that creating
the bond of two heptazine rings will create a symmetrical and
stable atomic structure. Further, the experimental study

performed by Zhang et al. conﬁrmed that P doping in CNP0
leads to the replacement only of the C atoms.39 Second, the
energy-dispersive X-ray spectroscopy results of various
concentrations of P in CNP (Figure S13) show that the P
peak intensity clearly increases with decreasing C peak
intensity (when compared to the N peak) from CNP0 to
CNP36. This ﬁnding suggests that the P substituent occurs
only at the edge C atoms. Third, the study of binding energy
(BE) by the X-ray photoelectron spectroscopy (XPS)
measurement conducted on CNP22 powder (as discussed
below) shows that only bonding between P and N exists.
Similarly, no bonding between P and C is observed in the
deconvolution of the C 1s XPS spectra of CNP0 and CNP22
powders (Figure S9e). These arguments reinforce the accuracy
of the atomic bonding structure of CNP22 presented in this
study.
C
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Figure 2. Analysis of binding energies between CNP22 and LiPS. (a) Plot of binding energies of various LiPSs on CNP22. (b) Schematic diagram
of the charge density diﬀerence after adsorption of Li2S6 on CNP22. Yellow, green, black, blue, and pink spheres represent S, Li, C, N, and P atoms,
respectively. Charge accumulations and depletion are shown in dark yellow and aqua blue color, respectively. The red circle shows the Li−N bond,
and the blue circle shows the P−S bond. (c,d) PDOS for Li2S6 adsorbed on the CNP22 substrate: (c) Orbitals around Fermi level for P and S show
the P−S covalent bond, and (d) orbitals around Fermi level for Li and N show the Li−N electrostatic bond. (e) SEM image and (f) S elemental
mapping for CNP22/PF after 100 cycles. The inset in part 2e shows a digital photograph of CNP22/PF after disassembling Li−S cell. (g,h) P 2p
scanning XP spectra for CNP22 powder and CNP22/PF, respectively. (i) S 2p scanning XP spectra for CNP22/PF. (j) UV−vis absorption
spectrum of the electrolyte solution (diluted 10 times before measurement) without and with CNP22; the mid-right inset shows photograph of
original vials containing the electrolyte solutions without and with CNP22.

the CNP22 from 7.14 to 8.49 Å (Figure 1g). Therefore, the
amorphous phase of CNP22 can be explained by the loss in the
periodicity of the CNP22 at smaller lattice constant value of
CNP0 (7.14 Å). For the band structure, the theoretical band
gap of CNP0 is calculated to be ca. 2.82 eV (Figure 1h), which
is consistent with previously reported experimental band gap
values.41,42 Contrarily, the band gap of CNP22 narrows
signiﬁcantly, which indicates that it may have a better
conductivity than CNP0 (Figure 1i). It is observed that the
band gap of an amorphous semiconducting material is smaller
than that of the corresponding crystalline material because of
the presence of band tails.43 This result conﬁrms that the
change in the crystallinity of CNP0 to the amorphous state
caused by substitution with 22% P could decrease the band gap
and increase the electrical conductivity of the CNP22 material.
The transition to the amorphous phase and decrease in the
band gap of CNP22 are very important premises for the
selection of a supporting material in Li−S systems.

The DFT calculations were performed on the atomic
bonding structures (insets in Figure 1f,g) by the Vienna Ab
initio Simulation Package,40 which shows that the lattice
parameter increases from 7.14 Å in CNP0 (Figure 1f) to 8.49
Å in CNP22 (Figure 1g). The intervention of a suﬃciently
high amount of P atoms in the phase formation of CNP results
into a gradual phase shift from the crystalline phase (of CNP0)
to amorphous phase (of CNP22). The increase in the lattice
parameter and degree of atomic disorder in CNP22 can
enlarge the volume and external pressure (see Table S1) on the
optimized unit cell with a gradual increase in the Psubstitution, which distorts the periodicity of CNP22, whereas
CNP0 maintains the periodicity, as shown in Figure 1f. The
increase in the volume of the unit cell of CNP22 is due to the
large atomic radii of P than C, which sources the increase in
external pressure on the unit cell. The energetically stable
geometry of the CNP22 at absolutely zero external pressure
can be retained only with an increase in the lattice constant of
D
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3.2. Binding Energies of CNP22 and LiPS. Once the
above CNP structures were investigated and optimized, the
LiPS adsorption by CNP was studied and veriﬁed theoretically
and experimentally. The redox species of Li and S (Li2Sx, x = 1,
2, 3, 4, 6, and 8) and their optimized structures are shown in
Figure S6, where the Li−S bond lengths are shown to be in
agreement with previous studies.44 The eﬀects of various
adsorbed LiPS on CNP22 were examined by performing BE
calculations, as shown in Figure 2a. Clearly, all of the soluble
LiPS molecules present BE values in the approximate range of
−2 to −6 eV, corresponding to attractive interactions, which
explains the good LiPS adsorption capability of CNP22.
Moreover, the interaction of Li2S6 on the CNP22 supercell was
proposed by DFT calculation to predict the LiPS adsorption
intensity of the CNP22. Compared to the structure before
relaxation (Figure S7a), a buckling of ca. 2.48 Å is observed
after relaxation (Figure S7b), which indicates the deformation
of the CNP22 substrate by a strong interaction with the LiPS.
The BE values for Li2S with various substrates were also
calculated using DFT and are listed in Table 1. The highest

Figure S8 shows the surface morphologies of the cathodes with
CNP22 and CNP0 after 100 cycles. The surface of the cathode
in the Li|CNP22/PF|S cell (Figure S8a) remains more stable
than the surface of the cathode in the Li|CNP0/PF|S cell
(Figure S8b), which can be explained, based on the DFT
calculations, as the deformation and relaxation of CNP22
during charge interactions with LiPS (Figure S7). It is
conceivable that CNP22 stabilized S migration and helped to
maintain the cathode’s integrity during repeated volume
changes with cycling. SEM (Figure 2e) and S-elemental
mapping (Figure 2f) were performed on CNP22/PF to
investigate the LiPS adsorption capabilities of CNP22. The
results show that ca. 10.79% of S is captured on CNP22/PF,
which is higher than ca. 2.84% on CNP0/PF (Figure S8c),
indicating that CNP22 provides far better LiPS adsorption.
The chemical interactions with LiPS were clariﬁed by XPS of
the surface of CNP22/PF after the 100th cycle and on pristine
CNP22 powder. The XPS spectrum of CNP22/PF contains
two peaks, at 133 and 189 eV, which do not appear in the
CNP0/PF spectrum. These new peaks are assigned to P 2p
and P 2s bonds, as seen in Figure S9a. The P 2p spectrum of
the CNP22 powder (Figure 2g) shows two peaks, at 133.3 and
134.3 eV, corresponding to P−N38 and C−O−PO3 bonds.46
The P 2p spectrum of CNP22/PF after cycling in the Li−S cell
(Figure 2h) was deconvoluted into four P components, of
which two counterparts belong to the intrinsic P−N and C−
O−PO3 bonds, whereas the peaks at 132.7 and 133.7 eV can
be ascribed to P−C46 and P−S bonds, respectively. The P−C
bond in this case refers to the bond between the P of CNP22
and the C of the conducting agent. For the S peaks, the spectra
of S 2p in CNP22/PF (Figure 2i) and CNP0/PF (Figure S9b)
show coincidence at low-energy bands such as 161.5, 162.7,
163.3, and 163.9 eV, which corresponds to the terminal S, C−
S, bridging S, and central S polysulﬁde bonds, respectively.47−49 Notably, we observe a peak at 164.6 eV in the S
2p spectrum of only CNP22/PF. Our DFT calculations
suggest that the peak at 164.6 eV can be attributed to the S−P
bond. Another study has conﬁrmed that S with this peak
position tends to act as an electron donor,50 which agrees well
with our DFT calculations.
In addition to the chemical interactions assessed above, LiPS
adsorption on CNP0 and CNP22 was also visualized by
conducting adsorption experiments (the color change of Li2S6
and Li2S4 solutions), as shown in Figure S10. It can be seen
that 0.2 mmol Li2S6 in the electrolyte solution is partially and
completely adsorbed by 50 mg of CNP22 after 15 and 45 min.
In contrast, a negligible color change is observed for the vial
containing CNP0 after 45 min. These results show that
CNP22 adsorbs a signiﬁcant amount of Li2S6 (Figure S10a)
and Li2S4 (Figure S10b) and distinctly changes the color of the
concentrated LiPS solution. The adsorption capacity of
CNP22 was further investigated by adding additional Li2S6
as seen in Figure S11. After 90 min, 50 mg of CNP22
eﬀectively adsorbs more than 0.3 mmol Li2S6, which indicates
the strong LiPS adsorptivity of CNP22. Furthermore, to
measure the characteristic adsorption spectrum of Li2S6 and to
obtain a scientiﬁc view of Li2S6 adsorption of CNP22, the
solvents in the color change test (shown in Figure S10) were
measured with UV−vis spectroscopy. The blue line in Figure
2j depicts a very low intensity of spectrum, which means that
no Li2S6 remains in the electrolyte solution, implying that
CNP22 adsorbed all Li2S6.

Table 1. Binding Energies of Li2S with Various Substrates
substrate
BE of Li2S (eV)

pristine PF
−1.27

CNP0
−4.39

CNP7.2
−5.15

CNP14
−7.53

CNP22
−9.28

binding strength, that is, −9.28 eV, is achieved with CNP22,
whereas this value with pristine PF is very small, that is, −1.27
eV which conﬁrms that the critical P concentration of 22% is
the most suitable candidate for use in Li−S systems.
The diﬀerences in the typical charge densities were analyzed
to visualize the adsorption interactions between LiPS and
CNP22, as shown in Figure 2b. The charge cloud is shared
equally between P and S because of their similar electronegativities,45 whereas the accumulation of a charge cloud near
N (yellow region) and change depletion near Li (blue region)
results in ionic interactions between Li and N atoms.33 The
PDOSs were also analyzed to determine the types of
interactions between Li2S6 and CNP22. Signiﬁcant overlapping
of the orbitals of P atoms with those of S around the Fermi
level conﬁrms covalent bonding between P and S atoms
(Figure 2c). In contrast, the almost negligible overlapping of
the orbitals of Li and N atoms indicates ionic interactions
(Figure 2d). The P atoms in CNP22, therefore, interact
covalently with the S atoms, whereas the N in CNP22 interacts
electrostatically with Li from LiPS. Additionally, a Bader
charge analysis was conducted to quantitatively determine the
ﬂow of charge transfer between the LiPS and CNP22 (Table
S2). For the adsorption of a Li2S molecule on CNP22, the
Coulombic charges on Li before and after adsorption are
estimated to be ca. 0.86e and 0.56e, respectively, suggesting
that Li partially transfers its charge to N. Similarly, the
Coulombic charge on S changes from ca. −1.72e before
adsorption to −0.54e after adsorption, indicating charge
transfer from Li2S to CNP22. The charge transfers for other
LiPS are listed in Table S2. These results show that the charge
is directly transferred from LiPS species to CNP22 in the Li−S
systems.
To conﬁrm our theoretical ﬁndings and to assess the eﬃcacy
of CNP22, the following cell conﬁgurations were used to
clearly compare the utility of CNP22 and the electrochemical
performances of Li−S cells, that is, Li|CNP22/PF|S and Li|
CNP0/PF|S, with Li as the anode, modiﬁed PF, and S cathode.
E
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Figure 3. Electrochemical properties of the Li|CNP22/PF|S cell. (a,b) CV data for Li−S cells with pristine PF and CNP22/PF, respectively. (c)
Comparison of the 8th cycles in CV curves (scanning rate 0.05 mV s−1) and (d) rate performance of Li|PF|S and Li|CNP22/PF|S cells. (e) Selfdischarge of Li|PF|S and Li|CNP22/PF|S cells after one cycle. The inset shows the charge/discharge curves for the ﬁrst cycle at 0.2 C. (f) Charge/
discharge curves at 0.2 C after 14 days of the self-discharge monitoring of the two Li−S cells.

3.3. Electrochemical Properties of the Li|CNP22/PF|S
Cell Conﬁguration. A deeper analysis of the electrochemical
behavior of Li−S cells was performed to theoretically and
experimentally verify the good LiPS adsorption of CNP22
(Figure 3). Cyclic voltammograms of Li−S cells with pristine
PF or Li|PF|S and Li|CNP22/PF|S are shown and compared
over eight cycles at 0.05 mV s−1 (Figure 3c). The peak
intensities in the cyclic voltammograms of the Li|PF|S cell
(Figure 3a) are relatively weak because of the low S utilization.
Whereas more intense peaks are observed with the Li|CNP22/
PF|S cell (Figure 3b), indicating high S utilization. Additionally, the diﬀerence between the positions of the cathodic peaks
at 2.32 and 2.04 V (Figure 3c), which correspond to the
conversion or reduction of S8, respectively, is insigniﬁcant.51
This ﬁnding suggests that CNP22 imparts no adverse eﬀects to
the electrochemical performance of the Li−S cell. In the
anodic sweep, the diﬀerence between the peak positions of the
Li|CNP22/PF|S cell is more pronounced and with a shift
toward lower voltages that represents a reduction in the
electrode polarization, which could signiﬁcantly prolong the
cell cycling life.52 In addition, two separated peaks are observed
at 2.3 and 2.39 V for the Li|CNP22/PF|S cell, which are
indistinguishable for the case of the Li|PF|S cell, and indicate

the stable and complete electrochemical conversion from the
short-chain polysulﬁdes to S. In detail, the peak at 2.3 V
corresponds to the oxidation of short-chain polysulﬁdes (Li2S/
Li2S2) to Li2S4, and the peak at 2.39 V corresponds to the
oxidation to the long-chain polysulﬁdes and S.22,53 The
complete conversion shown in the charging process means
that CNP22 acts as a strong electrochemical catalyst, which
helps to maintain the high performance of the discharge
process.
Furthermore, the rate capability in Figure 3d reveals the
signiﬁcantly high performance of the Li|CNP22/PF|S cell
compared to that of the Li|PF|S cell, tolerating 0.2−1.0 C.
Percentage capacity changes of 8.6% (to 0.5 C), 8.2% (to 1 C),
11.5% (to 1.5 C), and 11.4% (to 2 C) are observed, and 78.4%
of the capacity is retained at 1 C after cycling at various C
rates. The enhanced rate capability can only be explained by
the good LiPS adsorption to and desorption from CNP22,
which contributes greatly to the alleviation of LiPS shuttling
and the retention of the electrochemical reversibility. In
another aspect, experimenting with Li−S batteries shows that
they seriously suﬀer from self-discharge, which is mainly
caused by the shuttling of LiPS.54 This phenomenon leads to a
low shelf-life, which impedes the commercialization of Li−S
F
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Figure 4. Electrochemical performance of the Li|CNP22/PF|S cell. Comparison on electrochemical properties of the Li|PF|S and Li|CNP22/PF|S
cells, with a sulfur loading of 3.2 mg cm−2: (a) electrospray-ionization spectroscopy results and (b) electrochemical performances in long-term
cycling. The inset shows digital photographs of pristine PF (left) and CNP22/PF (right) before cell assembly. (c) Galvanostatic charge/discharge
voltage proﬁles at the 288th cycles.

that the actual increase in the electrochemical performance
achieved by adding CNP22 more than that compensates for
the energy reduction caused by the inert CNP22. This
improvement is possible because S use does not usually reach
100% (1673 mA h g−1), for all S cathodes.
On the basis of the electrochemical impedance spectroscopy
obtained before cycling, the charge-transfer resistances are
estimated to be 22 and 110 Ω cm2 for the Li|PF|S and Li|
CNP22/PF|S cells, respectively (Figure 4a). The impact of the
CNP22/PF layer may be considered as the key for the
decrease in impedance, and it is a starting point to explaining
the high-cycling performance of the Li|CNP22/PF|S cell over
700 cycles, as shown in Figure 4b. In detail, the Li|PF|S cell (at
0.5 C) shows a rapid decay in discharge capacity from 704
(42% use of S) to 589 mA h g−1 (84% capacity retention) after
100 cycles that indicates a signiﬁcant loss of active material.
Under equivalent cycling conditions, the discharge capacity of
the Li|CNP22/PF|S cell decreases from 1204 mA h g−1 (72%
use of S) to 1079 mA h g−1 (90% capacity retention), that is, a
signiﬁcant improvement in the electrochemical performance is
achieved. A comparison of the energy densities of two Li−S
cell conﬁgurations shows that the volumetric and gravimetric
energy densities increased by approximately 49.1% (see Table
S3) and 49.6% (see Table S4), respectively, with an apparent
increase in the cycling life (from 159 to 288 cycles, based on
the cycles that gave 80% of the initial capacity). Over 700
cycles, a capacity retention of 1.8% (capacity of 12.6 mA h g−1)
is obtained for the Li|PF|S cell; this value is signiﬁcantly lower
than 71% (capacity of 850 mA h g−1) of the Li|CNP22/PF|S
cell. Furthermore, the decay rate calculation of the Li|CNP22/
PF|S cell is only 0.041% cycle−1, which is signiﬁcantly lower
than 0.14% of the Li|PF|S cell. After 288 cycles, a Coulombic
eﬃciency (CE) of 99% is achieved for the Li|CNP22/PF|S cell,
substantially higher than 77% of the Li|PF|S cell, indicating that

batteries. The self-discharge processes for Li|CNP22/PF|S and
Li|PF|S cells were gathered by recording the open-circuit
voltages over 14 days after both cells had undergone one full
cycle at 0.2 C (Figure 3e). The voltage of the Li|PF|S cell
decreases rapidly to 2.11 V (a decline of ∼11.7%) over 10 days,
whereas the Li|CNP22/PF|S cell retained a voltage of 2.38 V
(a decrease of ∼1.65%) after 14 days. Then, both cells were
tested for their electrochemical performance to assess more
detail about their capacity maintenance (as shown in Figure
3f). The second cycle shows that the Li|PF|S cell maintains
67% (556 mA h g−1) capacity after the self-discharge
monitoring process, which is a signiﬁcant loss of capacity
when compared to that of the Li|CNP22/PF|S cell (loss ≈
2.4%). This diﬀerence in self-discharge is a clear evidence of
the good LiPS adsorption properties of CNP22 that help to
suppress spontaneous reactions between Li and S. This
property plays an important role in stabilizing the electrochemical processes in Li−S systems, which are crucial for
constructing reliable and practical Li−S batteries.
3.4. Electrochemical Performance of Li|CNP22/PF|S
Cells. The above analysis focuses on the electrochemical
properties of the Li|CNP22/PF|S cell, which partially conﬁrms
the overall electrochemical performance of Li−S cell; however,
the electrochemical stability of a full cell conﬁguration for a
long period needs to be further investigated. It should be noted
that in the design of cell components with added inactive
materials, the eﬀects of the inactive materials on the volumetric
and gravimetric energy densities should be carefully assessed.
The appropriate thickness and areal loading of the carbonmixed CNP22 were designed to be 21 μm (Figure S4b) and
0.7 mg cm−2, respectively; these values correspond to 9.3% of
the overall thickness and 2.74% of the mass, as based on all of
the cell components. Although introducing inactive materials
into cell systems may lower the energy density, we later show
G
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Figure 5. Reliable Li|CNP22/PF|S batteries. (a) Li−S cells at a high-S-loading of 6.1 mg cm−2 and CNP22/PF (at 0.5 C), with two charging cutoﬀ
voltages, i.e., 2.8 and 2.45 V. (b,c) Corresponding galvanostatic charge/discharge proﬁles of the Li−S cells operated in the range 1.7−2.8 and 1.7−
2.45 V. (d) Discharge capacity and areal capacity of high-S-loaded (8.4 mg cm−2) Li−S cell with CNP22/PF (at 0.5 C) and the voltage range 1.7−
2.45 V. (e) Electrochemical performance of a 4-stack Li−S pouch cell (at 0.2 C) with the high-S-loading cathode of 6.1 mg cm−2. The inset in (e)
shows a digital photograph of the 4-stack Li−S pouch cell (3 × 5 cm2). (f) Powering a minihelicopter by two Li−S pouch cells (8-stack in each
pouch cell), which have estimated the capacity of 1400 mA h. The left inset shows a LiB provided by a manufacturer for a minihelicopter, and right
inset shows two 8-stack pouch cells before packaging.

cycling performance deteriorates, with a discharge capacity of
376.2 mA h g−1 after 132 cycles. Interestingly, the cutoﬀ
voltage of 2.45 V delivers a higher discharge capacity, that is,
759 mA h g−1. The voltage proﬁles at the 5th, 25th, 80th, and
132nd cycles of the cell operated in the range 1.7−2.8 V
showed a signiﬁcant decrease in capacity (retention of 48%)
after 132 cycles (Figure 5b). However, in the case of the cell
operated in the range 1.7−2.45 V, the capacity retention is
86%, as seen in Figure 5c. This result implies that shuttling
phenomenon may possibly be promoted by the faster oxidation
of LiPS at high voltage. There is no signiﬁcant eﬀect on the
charging capacity from 2.45 to 2.8 V, but this high-voltage
range damages the electrodes because side reactions between
the Li anode and the electrolyte, LiPS or salt may consume
active materials and passivate the Li anode interface, as well as
induce the formation and proliferation of Li dendrites.16 When
CNP22 is applied, the Li−S cell can be fully charged at a low
cutoﬀ voltage, that is, 2.45 V, which helps to alleviate shuttling
and preserve the Li anode. We assume that the electrochemical
interactions occur directly on the CNP22 substrate, as
described above, and can allow the recharging process to be
fully charged at 2.45 V. Lowering the charging voltage is
therefore crucial for improving the cycling ability of the Li|
CNP22/PF|S cell at a high-S-load. We reassert the above
conclusion by testing the electrochemical performance of the
Li|CNP22/PF|S cell at a higher S loading of 8.4 mg cm−2, as
shown in Figure 5d. The result shows that the cell capacity
reaches 590 mA h g−1 (at 0.5 C) after 63 cycles, with an areal
capacity of 4.95 mA h cm−2; this capacity exceeds that of the
LiBs. However, the above results are based on a coin-cell
conﬁguration, which might not directly translate to the
performance of actual Li−S batteries, especially when the
batteries are constructed with larger dimensions and multistacked conﬁgurations. We, therefore, fabricated multistacked
pouch Li−S batteries and investigated their electrochemical
performances for practical applications. Figure 5e shows the

CNP22 eﬀectively mitigates the migration of LiPS from the S
cathode to the Li anode. It is known that the charge-transfer
capability in a Li−S cell is directly proportional to the reaction
kinetics, as reﬂected in the polarization of the voltage
proﬁles.55 The averaged polarizations obtained from the
voltage proﬁles of the 288th cycle are calculated to be 327
and 265 mV for the Li|PF|S and Li|CNP22/PF|S cells,
respectively (Figure 4c), which are in agreement with the
CV analysis shown in Figure 3c. The lower polarization in Li|
CNP22/PF|S cell means that there exists a greater number of
active sites created by the presence of C, N, and P, which
improves the aﬃnity of CNP22 toward S and the conducting
agents. This property enhances S utilization and maintains
stable redox reactions between S and Li over long cycling.
3.5. Constructing Reliable Li|CNP22/PF|S Batteries.
After conﬁrmation of the high electrochemical performance,
the construction of reliable Li|CNP22/PF|S batteries was
performed for comparison with LiBs, especially in terms of
volumetric and gravimetric energy densities. In practice, most
cathodes designed for LiBs have an areal capacity greater than
4 mA h cm−2. The S cathode was designed to contain more
than 6 mg cm−2 of pure S to meet this minimum requirement
and to ensure the superiority of the Li−S cell over the LiBs.
However, the capacity of a Li−S cell with a high-S-loaded
cathode drops sharply because of the physicochemical
instability of the electrode.56 The presence of concentrated
LiPS in the electrolyte greatly decreases the stability of the Li
anode.57 More importantly, we assume that a high charging
voltage may increase parasitic reactions on the Li anode
surface. Therefore, the charging cutoﬀ voltage for pragmatic
cycling conditions needs to be carefully chosen and evaluated.
The cycling performances of the Li|CNP22/PF|S cell at high-Sload (6.1 mg cm−2) with various charging cutoﬀ voltages are
shown in Figure 5a. The CE values over 132 cycles are 77.4
and 95%, corresponding to cutoﬀ voltages of 2.8 and 2.45 V
(Figure 5a), respectively. For the cutoﬀ voltage of 2.8 V, the
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capacity of a 4-stack (size 3 × 5 cm2) pouch cell with a S
loading of 6.1 mg cm−2, which ran steadily over 74 cycles at 0.2
C. A digital photograph of the 4-stack Li−S pouch cell after
assembly is shown in the inset in Figure 5e. The results show
that a capacity of 699 mA h g−1 and CE of 93% are obtained
after 74 cycles. To the best of our knowledge, such a high-Sloaded multistack pouch cell has not been shown in previous
studies. The excellent performance of such a pouch cell was
further established by replacing the power supply of a
minihelicopter, which was designed by the manufacturer for
use with a 1000 mA h (LiB) battery (Figure 5f). Two Li−S
pouch cells with 8-stack in each cell were assembled and
connected in series with a minihelicopter (total estimated
capacity 1400 mA h). Furthermore, the Li−S pouch cells (18
g) are substantially lighter than the LiBs (29 g). The
advantages of the Li−S pouch cells with CNP22 are very
clear; therefore, CNP22 is a suitable material for constructing
reliable Li−S batteries.
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4. CONCLUSIONS
We developed a strategy for eﬀectively suppressing the
shuttling phenomenon and reducing the degradation of the
electrodes in Li−S systems by the incorporation of a superior
LiPS adsorption material, that is, CNP22. The experimental
results conﬁrm that CNP22 is an amorphous material, and the
DFT calculations show a narrowing of the band gap by the
exchange of ∼22 atomic percentage of C by P. The DFT
calculations also explained the mechanisms behind the
formation of electrostatic Li−N and covalent S−P bonds
between LiPS and CNP22, which play an important role in
suppressing the LiPS shuttling and prolonging the cycling life
of Li−S systems. Indeed, a Li|CNP22/PF|S cell shows a high
capacity and low decay rate over 700 cycles; this is primarily
ascribed to strong interactions between LiPS and CNP22, as
well as a high S reutilization during cycling. The support of
CNP22 in the Li−S cell delivered suﬃcient capacity at a
charging cutoﬀ voltage of 2.45 V, which minimized side
reactions and enabled the high-performance Li−S systems. For
cathodes with a high-S-load, CNP22 helps to maintain the high
performance in both the coin cell and pouch cell. Therefore,
we believe that the use of amorphous CNP22 will enable the
production and scale-up of practical Li−S batteries.
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