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High energy density, stable, and inexpensive electrode materials have the potential to improve the per-
formance of lithium—sulfur (Li-S) batteries. Developing high porosity, high conductivity, and a network
framework for multidirectional ion transfer in Li—S batteries, on the other hand, remains a significant chal-
lenge. Nitrogen and phosphorus co-doped porous carbon sheets (PCS900) are designed and synthesized
here with high porosity and abundant active sites. PCS900 can withstand high sulphur loading while also
providing multidirectional ion transport channels. Density functional theory (DFT) calculations indicate
that nitrogen and phosphorus co-dopants play an important role in suppressing the shuttle effect via the
chemical interaction between sulfur and the carbon framework. At a current density of 1 C, the PCS900/S
electrode has an initial specific capacity of 737 mA h g™}, and the average capacity decay rate per 500
cycles is as low as 0.079%. Furthermore, the heat released during the discharging process is greater than
the heat released during the charging process due to the combination of in situ XRD and microcalorime-

try techniques.

1. Introduction

Currently dominant lithium-ion batteries (LIBs) are approach-
ing their theoretical capacity limit."”® Lithium-sulfur (Li-S)
batteries are being widely studied and are expected to become
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the next generation of energy storage devices, because their
theoretical energy density is as high as 2600 W h kg *,* which
is nearly four times that of conventional LIBs; they are now the
subject of extensive research and are anticipated to become
the next generation of energy storage devices. Sulfur is also a
plentiful element on Earth, non-toxic, and simple to produce,
which makes it very appealing as a cathode material for energy
storage devices, smart grids, and electric vehicles.>® However,
the insulating qualities of sulfur and lithium sulfide result
in slow electrochemical redox kinetics, and the shuttle
effect is brought about by the dissolution of intermediate
polysulfides”™ and causes the loss of active sulfur. These
issues, such as low sulfur consumption, short life cycles, and
low energy density, severely impede the electrochemical per-
formance of lithium-sulfur batteries and severely restrict their
practical application.'*™"?

Research on cathode materials has become essential for the
development of high-performance lithium-sulfur batteries
since the insulation of sulfur is the primary drawback of
lithium-sulfur batteries."® The problem of poor sulfur conduc-
tivity can be greatly reduced when sulfur with good conduc-
tivity is mixed with certain structural matrix. In the meantime,
the dissolution of the intermediate product can be successfully
prevented by physical or chemical adsorption on the sulfur-
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carrying material, increasing the cycling stability of the
lithium-sulfur batteries. The properties of the sulfur cathode
have been enhanced through the design and synthesis of a
number of composite materials. Carbon materials, inorganic
compounds, and conductive polymers are the three general
groups of matrix materials used for lithium-sulfur battery
composites.'*'>

Graphene derivatives are carbon compounds with a single
layer made up entirely of carbon atoms and massless Dirac fer-
mions.'® Graphene derivatives are efficient substrates for sup-
porting sulfur in lithium-sulfur batteries due to their high
specific surface area, strong electronic conductivity, mechani-
cal characteristics, and superior chemical and thermal stabi-
lity. To some extent, sulfur insulation can be avoided by encas-
ing sulfur in graphene sheets to create a two-dimensional gra-
phene/sulfur composite material.'” Its mechanical strength
can inhibit the volume expansion of sulfur and greatly improve
the cycling performance. However, because of its single-layer
open structure, which limits polysulfide collection and reduces
sulfur storage capacity, the material has a limited capacity for
coulombic efficiency and cycling stability. In order to create a
porous structure'® with a bigger response space, graphene
nanosheets are combined. Inhibiting the reaction and trans-
mission of electrons and ions in three-dimensional space as
well as the dissolution of polysulfides in the electrolyte are
advantageous. A good method for creating composites as posi-
tive electrodes for lithium-sulfur batteries is to use graphene,
a potential carrier material for encasing or anchoring sulfur.

In three dimensions, graphene can offer a reliable network
for transporting electrons and can adjust to changes in
sulfur’s volume.'® However, there are drawbacks to the pro-
duction of graphene, including a lengthy cycle, high expense,
high risk, and unfriendly environmental practices. It merely
has a single layer of carbon atoms and a small amount of
sulfur. According to the findings of studies on materials
related to three-dimensional graphene, one of the most impor-
tant steps in the design and synthesis of lithium-sulfur battery
cathodes is the creation of three-dimensional and diverse
tunable structural materials with high conductivity, high
specific surface area, and high porosity.

Generally speaking, heteroatoms (N, P, and B can be
doped to enhance carbon materials’ conductivity and encou-
rage electrochemical reaction during charge and discharge.
N-doped porous carbon materials can be prepared in a variety
of ways, although the majority of them require pyrolyzing
nitrogen-rich carbon compounds (such as melamine, urea,
etc.).”>*® The most common methods for achieving phos-
phorus doping are heating hypophosphite until breakdown,
synthesis of organic phosphorus sources, hydrogen reduction
of phosphorus source salts, etc. Every technique has some
drawbacks.?” For instance, the synthesis process is combusti-
ble, the equipment must withstand corrosion to a high degree,
and the synthesis uses and generates very toxic gases. Phytic
acid, with the chemical formula of C¢Hg(H,PO,)s known as
inositol hexakisphosphate or phytate in salt form, is the princi-
pal storage form of phosphorus.”® Phytic acid is a green, non-
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toxic, and environmentally beneficial substance that can be
widely isolated from plants.*

Herein, by merely employing melamine as a self-sacrificial
template for surface synthesis and pyrolysis technology, we
created a distinctive porous carbon sheet. The produced PCSs
have a rich composition of doped oxygen, phosphorus, and
nitrogen, a 2D shape, a large specific surface area, and a high
mesopore/micropore density. The large-area and extremely
porous structure produce strong physical sulfur confinement,
abundant active surfaces, and excellent long-range conduc-
tivity when utilized as a sulfur host. More significantly, this
highly porous structure introduces a connected porous frame-
work for ion transfer through a carbon matrix, which over-
comes graphene’s slow vertical ion conductivity and achieves
rapid ion transfer in the electrode, realizing quick and
effective sulfur electrochemistry. In addition, the abundant N,
P, and O doping in the carbon lattice contributes to a signifi-
cantly polarized surface, strengthening the favorable chemical
interaction between the carbon material and the sulfur species
and further fixing the sulfur. Due to these outstanding advan-
tages, the PCS900 sulfur electrode achieves excellent electro-
chemical performance, presenting a high initial capacity of
949 mA h g ' at 838 mA g ', and maintaining 652 mA h g '
after 200 cycles with a decay of 0.156% per cycle. In 1000
cycles, the capacity decay rate per cycle is 0.079%, and a high
sulfur content up to 83.5 wt% is observed.

2. Experimental section
2.1 Synthesis of PCS800, PCS900, and PCS1000

PCS900 was prepared by calcination using melamine as a
carbon source and phytic acid as a single template. Typically,
2.0 g phytic acid (Aladdin) was dissolved in 40.0 mL deionized
water with continuous stirring and 2.0 g melamine (Aladdin)
as a carbon source was added (in a weight ratio of 2:2). The
mixed solution was stirred for 12 hours, and then transferred
to an 80 °C oven for 24 hours to evaporate water. The obtained
powder was transferred to a tube furnace under an N, atmo-
sphere and pyrolyzed at 800 °C and 900 °C for 1 and 3 h,
respectively, at a rate of 3 °C min '. Synthesis at different
pyrolysis temperatures (800 °C for 4 h, 800 °C and 1000 °C for
1 and 3 h, respectively) was also carried out to obtain PCS800
and PCS1000 and to study their influence on the morphology
and structure.

Synthesis with different melamine to phytic acid ratios of
2:2 and 2 : 4 was also performed through the same procedures
to study their effects on the morphology and structure of the
obtained PCS.

2.2 Synthesis of PCS800/S, PCS900/S, and PCS1000/S

Carbon-sulfur composite materials were prepared by conven-
tional melt-diffusion approaches. The composite materials
(PCS800, PCS900, and PCS1000) and sublimated sulfur were
mixed homogeneously at a weight ratio of 1:6. The mixture
was heated at 155 °C for 10 h, and then heated to 220 °C for



30 min. The resulting samples were denoted as PCS800/S,
PCS900/S and PCS1000/S, respectively.

2.3 Materials and characterization methods

The phase and crystallites were characterized by X-ray diffrac-
tion (XRD, Bruker D8 Advance, with Cu K, (4 = 0.154 nm) radi-
ation at 40 kV and 40 mA, Germany). The morphology of the
materials was imaged by scanning electron microscopy (SEM),
which was performed on FEI QUANTA FEG 450 with 10 kV,
and transmission electron microscopy (TEM, Talos F200X, FEI,
USA). The N, adsorption/desorption isotherms and the BET
surface area (SBET) were determined using Quantachrome
Instruments Autosorb-iQ2 which was equipped with a liquid
nitrogen bath to keep the temperature at 77 K. The Brunauer—
Emmett-Teller (BET) method was used to calculate the specific
surface area, and the relative pressure range of P/P, of 0.01-0.2
was used for BET analysis, and the pore-size distributions were
calculated based on the DFT method. The chemical state of
elements was investigated using X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy (Thermo Scientific
DXRxi, England) with an excitation wavelength of 514 nm.
In situ XRD measurements were performed in a steel Swagelok-
type cell. The cell was connected to a multichannel battery
testing system (Neware, China).

2.4 Electrochemical measurements

Electrochemical measurements were performed in a coil-type
cell. PCS/S, a conductive agent (Super P) and polyvinylidene
fluoride (PVDF) were dissolved in a weight ratio of 80:10:10
in N-methyl-2-pyrrolidone (NMP). The mixed slurry was coated
on aluminum foil and then vacuum dried at 60 °C for
12 hours. The electrode was cut and pressed into a 1.0 cm”
disc. The average sulfur mass loading density was between 1.4
and 1.6 mg cm > Each coin cell (2025 type) was assembled
using pure Li as the anode and a Celgard 2400 sheet as the
separator in a high-purity argon-filled glove box with moisture
and oxygen concentrations below 1 ppm. The electrolyte con-
sisted of 1 M lithium bis(trifluoromethanesulfonyl) imide
(LiTFSI) in a mixture of DOL/DME (1 :1 v/v) with 1 wt% LiNO3,
and the volume of the electrolyte in coin cells was controlled
around 30 pL. The galvanostatic charge-discharge perform-
ance was measured using a battery tester (BTS3000, Neware,
China) between 2.8 and 1.7 V (vs. Li/Li") at current densities
based on the weight of sulfur (1 C = 1675 mA g ') at room
temperature (25 °C).

Heat generation flow was measured in operando using a
TAM isothermal calorimeter at 25 °C. The difference of heat
(positive in the case of exothermic reactions and negative in
the case of endothermic reactions) was measured (Seebeck
sensor at the bottom of the chamber), being representative of
the cell heat flow. As the reference is calibrated to 0 W before
the experiment, we could directly obtain the heat flow of the
cell, which is the sum of all heat produced or consumed by the
cell. Due to the large volume of the chamber and the heat dis-
sipation in the volume, some delay was observed between heat
generation and its measurement by the equipment (about

15 min). The button batteries were assembled and placed in a
calorimeter after 12 hours of rest. To follow heat generation
during charge/discharge, the chamber was equipped with two
hermetic wires for electrical connection of the cell. Li-S cells
were then galvanostatically cycled in the 1.7-2.8 V voltage
range.

2.5 Adsorption test

Li,S¢ was obtained by mixing sublimated sulfur and Li,S
(99.9%) at a ratio of 5:1 and 1 M lithium bis(trifluorometha-
nesulfonyl) imide (LiTFSI) in DOL/DME (1:1 v/v) with 1 wt%
LiNO;. After heating at 65 °C overnight, the concentration was
3 mmol L *. Adsorption experiments were carried out on four
different samples. 20 mg of PCS800, PCS900, and PCS1000
were added into 3 mL of Li,Se solution and mixed vigorously.
After thorough stirring and 24 hours standing, the mixture was
placed into a glove box for observation, and then the absorp-
tion spectrum was recorded with a UV spectrophotometer
(Shimadzu UV-2600).

2.6 Density functional theory calculations

All of the density functional theory (DFT) calculations were
performed via the Vienna Ab initio Simulation Package
(VASP).*° The projected augmented wave method was used to
describe the ion-electron interactions, in which the Perdew-—
Burke-Ernzerhof exchange-correlation functional was used
within the generalized gradient approximation.>'*> A cut-off
energy of 500 eV was applied for all the energy and electronic
calculations. A Gaussian smearing of 0.2 eV was used for struc-
tural optimization. During optimization, all atoms were
allowed to relax until the final energy and forces on each atom
reached 1 x 10 ° eV and 0.02 eV A ', respectively. The dis-
persion-corrected density functional theory (DFT-D2) method
in the Grimme scheme has been used in all the calculations.*
Avacuum of 15 A separates surface images in the Z-direction.
The Brillouin-zone was sampled using the gamma centered
Monkhorst-Pack method with a 3 x 3 x 1 k-point mesh for
energy calculations and 5 x 5 x 1 k-point mesh for the elec-
tronic structure. The binding energy Ej, of Li,S,, on PCS900 was
obtained by the equation, Ey, = E;g — Eg — Ep, where Eig, Eg,
and E;, represent the total energy of Li,S,@PCS900, PCS900,
and Li,S,, respectively. In this work, we chose two defective
PCS900 with N,P-substitution named pyridinic-like PCS900
(PI/PCS900-P) and pyrrolic-like PCS900 (PR/PCS900-P),
respectively.

3. Results and discussion

Fig. 1 illustrates the preparation process of PCS900 and the
synthesis of sulfur to be loaded. In this work, melamine and
phytic acid were mixed in a weight ratio of 1:1, and then the
obtained powder product was pyrolyzed at 800 °C and 900 °C
for 1 h and 3 h, respectively, under a nitrogen atmosphere.
The phytic acid-doped melamine transforms into a porous
sheet-like morphology and forms an interconnected network
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Fig. 1 Schematic representation of the preparation of PCS900 and PCS900/S composites.

at the same time. During the heating process, phytic acid plays
a key role in the synthesis of PCS900, not only as a rich phos-
phorus source for doping, but also as a pore former to form
rich porous structures during high temperature pyrolysis.
Numerous micropores and mesopores were produced during
the pyrolysis of phytic acid, and the resulting porous network
structure was able to successfully prevent the dissolution of
soluble polysulfides. More crucially, these highly porous
carbon nanosheets are woven together into a porous structure
that speeds up ion transit, overcomes poor vertical ionic con-
ductivity, and encourages the electrochemical reaction of
sulfur. In addition to providing increased pore volume for
large sulfur loadings, controlling porosity and specific surface
area by pyrolysis temperature also creates channels for multi-
directional ion transport.

Fig. 2(a and b) exhibits the micromorphology of PCS800,
which is in the shape of a block. PCS900 images (Fig. 2c)
vividly describe the microstructure, which is a sheet-like mor-
phology. It demonstrates that the porous sheet structure
cannot be generated at 800 °C, which is due to insufficient
phytic acid pyrolysis and insufficient melamine etching. In
PCS900 and PCS1000, two-dimensional sheet-like structures
can be seen, showing that phytic acid pyrolysis efficiently pro-
motes the development of sheet-like materials and prevents
melamine from agglomerating. Scanning transmission elec-
tron microscopy was used to further validate the linked porous
architecture, as seen in Fig. 2d (STEM). The resultant PCS900

(Fig. 2d), in stark contrast to the morphology of PCS800
(Fig. 2b), displays a large number of disorganized holes dis-
persed throughout the porous architecture. It has also been
demonstrated that high temperatures encourage the develop-
ment of porous structures. The porous sheet-like materials are
interlaced to create a porous structural framework carbon
material, which increases the material’s electrical conductivity
by facilitating the passage of electrons and ions on the surface.
The resulting PCS900 has an amorphous structure, as seen
from the selected area diffraction (SAD) pattern in the inset of
Fig. 2d, where no conspicuous diffraction rings were seen.
The micromorphology of PCS1000, which resembles that of
PCS900 slightly, is shown in Fig. 2e and f. Fig. S31 depicts the
microstructures with 2:2 and 2:4 melamine to phytic acid
ratios. As the phytic acid ratio rises, the size of the porous
carbon sheet also rises. To investigate their impact on the
shape and structure of the produced PCS, the same tech-
niques were used to synthesize the material with different
melamine to phytic acid ratios of 2: 2 and 2 : 4. Fig. 2g shows
the micromorphology of PCS900/S after sulfur impregnation.
The high-angle annular dark-field (HAADF) image (Fig. 2h)
and elemental mapping images (Fig. 2i-m), show that C, N,
O, P, and S elements are uniformly distributed in the
PCS900 host.

The XRD patterns of PCS800, PCS900, PCS1000, PCS900/S,
and sulfur are presented in Fig. S1 (ESIT). There are two broad
diffraction peaks located at approximately 30 and 45° in



Fig. 2 SEM and HAADF images of PCS800 (a and b), PCS900 (c and d), PCS1000 (e and f), and PCS900/S (g and h); SAD (inset) images of PCS900

(d); elemental mapping of C, N, O, P, and S (h—-m).

PCS900 and PCS1000, indicating the amorphous structure of
carbon. The sublimated sulfur exists in an orthorhombic struc-
ture (Sg, JCPDS no. 08-0247). The distinctive peak of sulfur in
PCS900/S is drastically reduced when sublimated sulfur melts
into the carbon composite material, showing that the sulfur is
uniformly confined in the pores of PCS900. The thermal stabi-
lity of sulfur and the sulfur content in the PCS900/S composite
are 83.5 wt%, according to thermogravimetric analysis (TGA).
The evaporation of sulfur in the macropores of the composite,
as shown in Fig. S2 (ESI}), causes the curve to drop sharply in
the temperature range of 160-250 °C. The continued weight
loss of the curve at 250-320 °C is attributed to the evaporation
of the sulfur remaining in the mesopores of the composites.
Then the weight loss between 320 °C and 400 °C resulted from
the evaporation of sulfur in the micropores of the composite,
indicating that sulfur is well confined in PCS900. N, adsorp-
tion/desorption measurements were performed to investigate
the specific surface area and pore size distribution of PCS800,
PCS900 and PCS1000. As shown in Fig. 3a, the isotherm of
PCS900 and PCS1000 exhibits high adsorption at low relative
pressures and a typical hysteresis loop at medium relative
pressure, indicating the existing hierarchical structure,
especially abundance of mesopores and micropores. As shown
in Table 1, the specific surface area and pore volume increase
with the increase of temperature, while the contents of phos-
phorus and nitrogen follow an opposite trend. The Brunauer-
Emmett-Teller (BET) surface area of PCS900 was found to be
2816.12 m*> g " and a high pore volume of 2.82 cm® g ' was

observed, which are overwhelmingly higher than those of
PCS800 (79.2 m*> g ' and 0.29 cm® g ', respectively). The poro-
sity of PCS900 in Fig. 3a is also supported by the obvious
peaks of pore size distribution at 0.3-4.0 nm.

The pore size distribution and N, sorption isotherms of
PCS800, on the other hand, show that this material has a sub-
stantially lower porosity and specific surface area than PCS900,
which is consistent with the TEM results. There are two
reasons for PCS900’s high porosity: (i) during the first stage of
the pyrolysis process at 800 °C, the phosphoric acid produced
by decomposition continuously corrodes the carbon skeleton
to form a microporous structure and (ii) during the second
stage of the pyrolysis process at 900 °C, the remaining phytic
acid and phosphoric acid were reduced by carbon to red phos-
phorus, resulting in sublimation and leaving a significant
amount of mesopores and micropores in the product. The
microstructures of PCS800, PCS900 and PCS1000 composites
were further analyzed by Raman spectroscopy (Fig. 3b). Two
evident peaks at 1345 and 1580 cm ' in all the specimens can
be assigned to the breathing modes of the hybrid carbon rings
(D band) and graphitic sp” stretching of graphene (G band), in
addition to a 2D band at about 2700 cm '.** The D-band and
G-band area ratios (Ip/Ig) of PCS900 and PCS1000 are 1.03 and
1.05, respectively, which are lower than those of PCS800 (2.69),
indicating that the heterogeneous atom doping structures of
PCS900 and PCS1000 are similar. Moreover, a bump near
2700 cm ' in the Raman spectrum of PCS800 compared to
that of PCS900 indicates a higher sheet thickness, which is
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Fig. 3 N, adsorption—desorption isotherms, cumulative plot of the pore size distributions (inset) (a), Raman spectra (b), and the overall XPS spectra
of PCS800, PCS900, and PCS1000 (c); C 1s (d), P 2p (e), N 1s (f), and O 1s (g) spectra of PCS900; the ultraviolet/visible spectra and photograph of
polysulfide solutions of adsorbed PCS800, PCS900, and PCS1000 (h).

consistent with previous TEM results. The porosity and The chemical composition of PCS800, PCS900 and PCS1000
specific surface area of PCS900 are significantly higher com- was further examined by X-ray photoelectron spectroscopy
pared to those of PCS800, which is consistent with N, adsorp- (XPS). The elemental survey spectra are displayed in Fig. 3c.
tion/desorption measurement results.* The PCS800, PCS900, and PCS1000 samples have five peaks at



Table 1 Porous carbon sheet parameters of nitrogen adsorption—de-
sorption, Raman spectroscopy and nitrogen content

Specific surface  Pore size  Pore volume P N
Sample  area (m*g™") (nm) (em® g™ (at%) (at%)
PCS800 79.2 1.47 0.29 25.6 20.1
PCS900 2816.1 3.82 2.82 4.8 5.2
PCS1000 3087.9 3.99 3.07 0.8 0.5

284.6, 400.2, 531.6, 132.8 and 190.5 eV, which can be assigned
to C 1s, N 1s, O 1s, P 2p, and P 2s, respectively. The high-
resolution peaks in the C1s spectra (Fig. 3d) could be assigned
to C-C (284.8 eV), C-N/C-O/C-P (285.5 + 0.1 eV), C=0/C=N
(286.5 + 0.1 eV) and O-C=0 (288.9 + 0.1 eV), respectively.*®
The P 2p peaks (Fig. 3e) of PCS900 located at 131.7 and
132.5 eV are attributed to the P-C and P-O bonds, respectively.
Fig. 3f shows the N 1s spectra of PCS900 composites, which
can be divided into pyridinic N (399.4 + 0.2 eV), pyrrolic N
(401.3 + 0.2 eV), graphitic N (402.1 + 0.2 eV) and oxidized N
(403.8 + 0.2 eV) doped in carbon.”” Meanwhile, the high-
resolution peaks in the O 1s spectra (Fig. 3g) could be fitted
into four peaks assigned to the P—O/C=O0O (531.0 eV), -O-
(532.5 eV), and P-O-P (533.6 eV) bonds, as well as the chemi-
sorbed oxygen (535.4 €V).*® These results confirm that P and N
are successfully doped into the carbon lattice.* To verify their
polysulfide absorption capacity, the three samples (PCS800,
PCS900, and PCS1000) were soaked in Li,Sg (3 mmol L ') solu-
tion for 48 h. The inset image in Fig. 3h demonstrates how
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adding PCS900 changed the hue of the solution from brown to
colorless. In comparison, the solution becomes a lighter shade
of yellow after the addition of PCS800 and PCS1000. After
adding several sample powders, a UV-vis absorption test was
conducted in the meantime. The absorbance peaks of the poly-
sulfide solution containing PCS900 are much lower than those
of the solutions containing PCS800, PCS900, and PCS1000, as
shown in Fig. 3h. These observations show that PCSs with
active nitrogen and phosphorus co-doping have a potent
capacity for adsorbing polysulfides.

To study the detailed reaction during the discharge/charge
process, in situ XRD patterns (260 = 20°~35°) and in operando
microcalorimetry measurements were acquired during the first
discharge/charge test (Fig. 4). According to the lithiation
curve, the reaction equations of polysulfides during discharge
is as follows.*>*" The colored patterns in Fig. 4b and c rep-
resent the four regions in the Li-S battery cycle process, corres-
ponding to the colored dots in Fig. 4a, representing different
charging and discharging states.

Region I: solid sulfur is dissolved and reduced to Li,Sg

2Li+ gy < 2LiT + S}, (1)

Region II: Li,Sg is reduced to long-chain polysulfides
2Li+3/4S4))> < 2Li* + Seq)” (2)
2Li+2/3Sen)? < 2Li* + Sy)2 (3)

L
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
2 Theat (Degree)

Fig. 4 Typical galvanostatic curve of the PCS900/S cathode at a rate of 0.1 C (a), Waterfall representation of in situ XRD data at different discharge

(b) and charge (c) states.



Region III: long-chain polysulfides are reduced to short-
chain polysulfides

2Li+ Sy)® < 2LiT + Sy)° (4)
2Li +1/28,0)> > 2LiT + () (5)
Region IV: Li,S, and Li,S are reduced to Li,S(,
2Li™" +1/2S,0> < LixS) (6)
2LiT + 8> < LipSy (7)

Once the discharge starts, the characteristic crystallization
peaks (23.1°) of sulfur (JCPDS no. 08-0247) gradually weaken
(Fig. 4b). As Sg) is reacted, the concentration of Sgy in the
electrolyte decreases, promoting the dissolution of Sg(, into
Sg(l).42 This demonstrated the rapid conversion from elemental
sulfur to long-chain polysulfides (eqn (1) and (2)). The dis-
charge depth is from 30 to 70%, and the sharp peaks of a-Sg at
23.1°, 25.8%, 26.7°, 27.7°, and 28.6° gradually disappeared,
which corresponds to the formation of long-chain polysulfides
(eqn (2) and (3)).** At the same time, the short-chain polysul-
fides (S,q)> and Sg)* ) start to be reduced (eqn (4) and (5)) and
the concentration of the long-chain polysulfides (Sga)* , Seq)”
and S4(1)2 ) decreases. The discharge depth is from 70 to
100%, and a new broad peak appears at ~27°, which is attribu-
ted to the formation of cubic Li,S (JCPDS no. 23-0369).
Meanwhile, at the end of the discharge step, the Li,S peak
intensity continues to increase and its full width at high
maximum (FWHM) is about 0.95°, which indicates that the
Li,S crystallites are micron-sized."® This observation is consist-
ent with expectations, and finally a solid product Li,S is
formed.

At the beginning of the charging process (Fig. 4c), the Li,S
peak (111) intensity gradually decreases due to the reaction of
long-chain polysulfides (Sgq)” , Sen)> , and Sag)” ). The reverse
reactions (eqn (5) and (4)) at this stage from F to G mainly con-
tribute to further delithiation. Additionally, no crystalline Li,S
peak was found from G to H, corresponding to the reverse
reaction (eqn (3) — eqn (1)) for some polysulfides dissolved in
the electrolyte. During the discharge from H to I (Fig. 4c), the
new sharp peaks of crystalline sulfur are around 23.1°, 25.8°,
26.7°, 27.7° and 28.6°, which are designated as the crystalliza-
tion peaks of sulfur (JCPDS no. 08-0247).**

The intermediate polysulfides in the electrolyte are typically
in a liquid state and challenging to find during the cycling
process. We performed in operando microcalorimetry measure-
ments to look into the phenomenon of heat generation during
the electrochemical reaction inside the Li-S batteries (Fig. 5).
As per literature survey,” many in situ characterization studies
(in situloperando synchrotron-based techniques® and in situ
Raman spectroscopy”’) were used to explore the intermediate
polysulfides of Li-S batteries, but few were used in in operando
microcalorimetry. We assembled a button battery with
sufficient lithium and electrolyte, a sulfur content of
1.4-1.6 mg cm 2, and current densities of 0.1 and 1 C to
measure the heat flow during the galvanostatic cycling
process.

The voltage steadily drops and the heat flow increases once
the discharge begins at 0.1 C (Fig. 5). The difference between
the heat flow curve at 0.5 C and the current density at 0.1 C is
explained by the more potent multi-step reaction of polysul-
fides. This suggests that the multi-step electrochemical
process is influenced by the current density, and that the more
complete the reaction, the smaller the current. Fig. 5 demon-
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Fig. 5 Experimental charge—discharge profiles (black line) and heat flow generation (red line) of the PCS900/S electrode cycled at 0.1 Cto 1 C.



strates that the creation of polysulfides (Li,Ss and Li,Se) and
the dissolution of sulfur are both accompanied by the first
plateau at 2.30 V, which is also accompanied by a significant
heat flow peak.*® Following the first heat flow peak, another
heat flow peak appeared, possibly due to the heat flow gener-
ated by the complete transfer of solid sulfur into solution
and reduction to long-chain polysulfides. When the voltage
drops to 2.1 V during the discharge plateau, the heat flow
curve declines slowly, which can be attributed to the
reduction of long-chain polysulfides to short-chain polysul-
fides.”® Subsequently, the heat flow curve was smooth
during the short-chain polysulfide reaction, and the heat
flow hardly increased or decreased. It can be considered that
the soluble polysulfides (Li,S,) generate insoluble polysul-
fides (Li»S,).°° At the end of the discharge, the sudden
increase in heat flow at the end of the discharge can be
attributed to the increase in battery polarization,® and the
increase in resistance and heat release could be caused by
the deposition of Li,S insulation on the electrode surface. At
the same time, the heat flow curves of discharge under
different current densities are compared, and the results
show that when the current density is higher, more heat is
generated during the discharge process. When the current
density is discharged at 1 C, the heat flow reaches a
maximum value of 250 pW.

During the charging process, the heat flow curve with a
current density of 0.1 C has a large heat flow peak. Through
in situ XRD characterization, it can be concluded that this
peak indicates the release of a large amount of heat when
short-chain polysulfides react to form long-chain polysulfides
(LiSy, 4 < x < 8). Comparing the heat flow curves of 0.1 C,
0.2 C, 0.5 C and 1 C charging processes, the released heat
during the charging process decreases when the current is
larger. This indicates that the electrochemical reaction during
charging is incomplete at higher currents, resulting in a less
exothermic nature. This indicates that the complete reaction of
short-chain polysulfides (Li,S,, 4 < x < 6) is important for

improving the efficiency of sulfur electrodes. The result of heat
generation is of great significance to combine in operando
microcalorimetry techniques to reveal the complex reaction
mechanism of sulfur electrodes in Li-S batteries. Combined
with in situ XRD and heat flow curves, long-chain polysulfides
are found to be the primary incomplete reactants, according to
the evidence. While using a small current for charging and dis-
charging, more heat is released during the charging process
than during the discharging process; when using a large
current for charging and discharging, more heat is released
during the discharging phase than during the charging
process. To increase the effectiveness of sulfur electrodes, the
conversion reaction of long-chain polysulfides is therefore
crucial. It is extremely important to reveal that the intricate
reaction mechanism of sulfur electrodes in lithium-sulfur bat-
teries that these results are consistent with in situ XRD
measurements. The data that were obtained are crucial for
understanding how well lithium-sulfur batteries perform in
terms of safety.

For practical use, it is useful to simulate the heat generated
by lithium-sulfur battery charging and discharging. Therefore,
the study of the battery’s thermal effect establishes the ground-
work for the creation of a safe and dependable energy storage
system by offering a theoretical basis for the battery’s thermal
management. Heat is typically produced during the charging
and discharging of the battery. When heat cannot be expelled,
it will build up and increase the temperature. The battery
system will experience thermal runaway at high temperatures.
As a result, battery thermal simulation aids in understanding
its heating effect and enhances battery performance. In order
to investigate the battery heat generation and temperature fluc-
tuations, we thermally model the battery charging and dischar-
ging process using finite element software. In this experiment,
the battery was simulated under a rate test, and a computation
was made to determine the change curve of battery tempera-
ture over time.

As shown in Fig. 6, a 2025 battery model structure was
built. The thickness of the battery is 2.5 mm (averagely divided
into 4 layers) and the diameter is 10 mm. We consider the
battery as an isolated system that undergoes only heat transfer
without any material exchange with the external environment.

The heat generated during the battery discharge process is
mainly Joule heat, and the heat inside the battery is uniform.
The heating density formula is:

Q =1I1(Uocy — Uwv)/V

(8)

where Q is the heat generation density; I is the current;
Uocv is the open circuit voltage; Uwy is the working voltage;
and V is the battery volume.

According to the law of conservation of energy, the heat cal-
culation formula of the model is:

or

where p is the density of the electrode material; Cj, is the

specific heat capacity; Q is the heat generation density; T is the
temperature of the battery surface; ¢ is the time; and % is the
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Fig. 6 Schematic illustration of the model of the PCS900/S cell.



thermal conductivity. The thermodynamic parameters of the
battery model materials are shown in Table 2.

We made the following assumptions for the battery
model: (1) thermal radiation is not considered; (2) heat is uni-
formly transferred on the electrode surface; and (3) the battery
surface is in contact with air at a constant temperature
(298.15 K).

The first type of boundary condition for the battery model:

T =298.15 K. (10)

Table 2 The thermodynamic parameters of battery materials>?

Specific heat ~ Thermal

capacity /J conductivity /W Material
Materials (kg K)* (m k)™ density /kg m™*
Lithium 3600 84.80 530
Separator 1978 0.33 1008
Sulfur 1269 1.58 2328
Aluminum foil 900 238.00 2700

(2)

The second type of boundary condition for the battery
model:

or
— kl%

or
ky n

Among them, k; and k, are the thermal conductivities of
the material, as shown in Table 2.

As shown in Fig. 7a, the temperature distribution inside the
battery is simulated under constant temperature conditions.
The battery was charged and discharged, and the heat flow
curve at the current density from 0.1 C, 0.2 C,and 0.5Cto 1 C
was obtained using an isothermal meter, and then the temp-
erature change from the inside to the outside of the battery
was simulated by the heat flow. Fig. 7a shows that the battery’s
temperature steadily rises from the outside to the interior,
with the positive electrode having the majority of the battery’s
high internal temperature. Fig. 7b depicts the simulation of
the cell temperature under excessive sulfur loading. Under
constant temperature conditions, as the sulfur content
increases, the temperature of the battery from the inside to the
outside also increases, and when the cathode is loaded with
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Fig. 7 Temperature distribution of the cell after the rate test at constant temperature (a) and temperature simulation image of the cell with different

sulfur loadings (b).



10 mg sulfur, the battery temperature rises by about 0.13 °C.
Comparing the changes of battery temperature during char-
ging and discharging shows that the temperature rise in the
charging process is greater than that in the discharging
process at a current density of 0.1 C; the temperature rise in
the discharging process is greater than that in the charging
process at a current density of 1 C. These insights further
clarify the connection between temperature and current in
lithium-sulfur batteries during charging and discharging and
offer a foundation for thermal management of lithium-sulfur
batteries by simulating the temperature of lithium-sulfur bat-
teries via heat flow.

To elucidate the effect of N,P-substitution in the PCS900
composite, the binding energies between PCS900 and polysul-
fide species were calculated using density functional theory
(DFT). The optimized equilibrium structures of Li,S,@PI/
PCS900-P and Li,S,@PR/PCS900-P are shown in Fig. 8(b and
c). The binding energies of Li,S, Li,S,, Li,S4, LisSe, and Li,Sg
species to PI/PCS900-P are calculated to be 6.18, —4.97, —4.46,
—-3.87, and —3.70 eV, respectively, as shown in Fig. 8a. These
values are much higher than those of the N-substituted gra-
phene,”® suggesting that the chemical anchoring of polysul-
fides is strengthened by the introduction of a phosphorus
atom. The chemical adsorption mainly originates from the
double interactions: chemical bonding between P and S
atoms, and chemical bonding between Li and N. Take Li,S as
an example; the Li-N bond distance is around 1.81 A, and the
S-P bond distance is only 2 A. Based on the above calculation
results, the coexistence of strong Li-N and S-P bonds gives the
N, P co-doped PCS900 with strong affinity to polysulfide
species.

The PCS800/S, PCS900/S, and PCS1000/S composites were
used as cathode materials for half-cell assembly to measure

(a) °

Binding energy (eV)
\ i 03 !

5 PI/PCS900-P

Li,S Li,S, Li,S, Li,Se Li,Ss

the electrochemical performance. The sulfur content of the
cathode composites was about 83.5 wt%, and the sulfur
loading was approximately 1.5 mg cm 2. Fig. 9a shows the rate
performance of the PCS800/S, PCS900/S, and PCS1000/S cath-
odes with increasing current densities (0.1-2 C). The initial
discharge specific capacity of the PCS900/S cathode was as
high as 1259 mA h g ' at 0.1 C, which is much higher than
those of the PCS1000/S cathode (1121 mA h g ') and the
PCS800/S cathode (387 mA h g '). Moreover, when the current
was gradually increased from 0.1, 0.2, 0.5 and 1 C, to 2 C, the
PCS900/S cathode exhibited an obvious increase in rate per-
formance, providing specific capacities of 1259, 1087, 897, 636
and 415 mA h g ', respectively. After the current densities
were reduced to 0.5, 0.2 and 0.1 C, reversible discharge
capacities of 762, 985 and 1114 mA h g ' were restored,
respectively, indicating that the PCS900/S cathode had excel-
lent structural stability and better reaction kinetics. In con-
trast, the PCS800/S and PCS1000/S cathodes show rapid
capacity decay. The charge and discharge curves of PCS800/S,
PCS900/S, and PCS1000/S cathodes at different current den-
sities of 0.1-2 C are shown in Fig. 9b. The cyclic voltammetry
(CV) curves (Fig. 9¢c) show the typical two cathodic peaks and
one anode peak of the PCS800/S, PCS900/S and PCS1000/S
electrodes in the voltage range of 1.7-2.8 V at a scan rate of
0.1 mV s . In the first cycle, compared with the PCS800/S and
PCS1000/S electrodes, the PCS900/S electrode has a much
smaller potential hysteresis in the voltage and CV curves,
which means that its electrochemical polarization is smaller
and the reaction kinetics is faster.

To further study the reaction kinetics of the electrochemical
PCS900/S composite, we acquired electrochemical impedance
spectroscopy (EIS) data (Fig. 9d). The Nyquist curves were com-
posed of a semicircle in the high-medium frequency region
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Fig. 8 Theoretical calculations of the binding energy of several sulfur species with PI/PCS900-P and PR/PCS900-P (a). The optimized equilibrium

structures of Li,S,@PI/PCS900-P and (b) Li,S,@PR/PCS900-P (c).
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and a diagonal line in the low-frequency region. The semicircle
in the high-medium frequency region is related to the charge
transfer impedance at the electrode interface, which reflects
the lithium-ion diffusion through the interface in contact.’*>>
The diagonal line is related to the diffusion impedance poly-
sulfides in the electrolyte, corresponding to the Warburg impe-
dance.”® These Nyquist curves can be fitted using an equi-
valent circuit in Fig. S5 (ESIf), and the fitting results are
shown in Table S1 (ESIt). The ohmic resistance (Rs) mainly
reflects the resistance of the electrolyte and the current collec-
tor. Before cycling, the ohmic resistance (R;) of the PCS900/S
(4.1 Q) and PCS1000/S (4.1 Q) electrodes was low, indicating
that the electron conductivity is significantly higher than that
of the PCS1000/S (12.4 Q) electrode. The internetwork is
responsible for higher electrical conductivity. In the high-
medium frequency range, a semicircle corresponding to the
charge transfer resistance (R.) can be clearly defined. We
found that the R, of the PCS900/S (16.4 Q) electrode is much
smaller than those of PCS1000/S (21.5 Q) and PCS800/S (250.2
Q) electrodes, indicating that the electrochemical kinetics is
faster. These results could be attributed to the highly porous
structure of the carbon network with a large surface area for
charge adsorption.

Fig. 10a shows that the initial specific capacities in cycling
performances of the PCS800/S, PCS900/S and PCS1000/S cath-
odes are 1174, 1098, and 450 mA h g ', respectively, at 0.1 C,
and the average capacity decay rates correspond to 0.19, 0.21,
and 0.31% per cycle, respectively. The average capacity decay

rate of PCS900/S is significantly lower than those of PCS800/S
and PCS1000/S cathodes. The charge and discharge curves of
all three kinds of cells at current densities of 0.1 C are shown
in Fig. 10b. On switching the current rate to 0.5 C (Fig. 10c),
the PCS900/S cathode also demonstrated a high initial specific
capacity of 949 mA h g ' and a reversible specific capacity of
651 mA h g ' after 200 cycles, which were much higher than
those of the PCS1000/S (539 mA h g ') and PCS800/S cells
(96 mA h g '). Even when the current rate increased to 1 C
(Fig. 10e), the PCS900/S electrode still exhibited a high dis-
charge capacity over 500 cycles, a capacity of 772 mA h g *
after the activation of several cycles and an average capacity
fading rate of 0.079% per cycle, which are much lower than
those of PCS1000/S (0.14%). In contrast, the discharge capacity
of the PCS1000/S electrode decreased to 200 mA h g ' after
500 cycles, and the rapid capacity decay is due to poor conduc-
tivity. The PCS900/S electrode is superior to recently reported
sulfur electrodes based on 2D carbon materials (Table S2,
ESIt). Therefore, to further investigate high energy density
Li-S batteries, high sulfur loading is a key factor. Fig. 10d
shows the PCS900/S electrode with different sulfur loadings
measured at 0.2 C up to 100 cycles. The PCS900/S electrode
with a sulfur loading of 2.5 mg cm ? yields an initial specific
capacity of 997 mA h g ' (2.49 mA h em ?) and is maintained
at 721 mA h g ! after 100 cycles. With a sulfur loading of
4.2 mg cm 2, the initial specific capacity and reversible
capacities were further increased to 812 mA h g ' (3.41 mA h
cm ?). The excellent electrochemical performance of the high-
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sulfur loaded electrodes is attributed to the combined effect of
the large specific surface, heteroatom (N, P) doping, and stron-
ger chemisorption trapping polysulfides of the PCS900/S
material. The element-doped porous carbon sheets have good
electrochemical performance and a large specific surface area,
opening the door for the creation of heteroatom-doped carbon
heterostructures. This shows that, in comparison with the
existing lithium-ion batteries, the PCS900/S electrode may
function well at high sulfur loading and is a viable material for
high energy/power density Li-S batteries.

4. Conclusions

In summary, a simple pyrolysis technique has effectively pro-
duced porous carbon sheets (PCSs) that are dual doped with

nitrogen and phosphorus. The intrinsic porosity of PCS900 in
its as-prepared state creates a framework for the efficient
adsorption of the soluble polysulfide intermediates. PCS900 is
made up of micropores and mesopores. High sulfur impreg-
nation is made possible by the abundant pore structure, which
also allows for multi-channel ion transfer for polysulfides.
Moreover, theoretical studies validate that the strengthened
anchoring effect of polysulfides by the phosphorus doping is
accountable for the outstanding electrochemical performance.
PCS900/S shows good long-term cycling over 500 cycles with a
capacity fading rate of 0.079% per cycle and a high areal
capacity of 3.2 mA h cm ? (sulfur loading of 4.2 mg cm 2). The
in operando microcalorimetry characterization shows that the
heat released in the charging process is greater than that in
the discharging process when charging and discharging with a
small current; when charging and discharging with a large



current, the heat emitted during the discharging process is
more than that during the charging phase. High heat gene-
ration occurs during the discharge process of lithium-sulfur
batteries while charging and discharging occur at high current
rates.
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