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Despite their promising potential, the real performance of
lithium-sulfur batteries is still heavily impeded by the notorious shuttle
behavior and sluggish conversion of polysulfides. Complex structures with
multiple components have been widely employed to address these issues by
virtue of their strong polarity and abundant surface catalytic sites. Never-
theless, the tedious constructing procedures and high cost of these materials
make the exploration of alternative high-performance sulfur hosts increasingly
important. Herein, we report an intrinsic defect-rich hierarchically porous
carbon architecture with strong affinity and high conversion activity toward
polysulfides even at high sulfur loading. Such an architecture can be prepared Fast electron transfer
using a widely available nitrogen-containing precursor through a simple yet oc 28 ol
effective in situ templating strategy and subsequent nitrogen removal
procedure. The hierarchical structure secures a high sulfur loading, while the intrinsic defects strongly anchor the active
species and boost their chemical conversion because of the strong polarity and accelerated electron transfer at the defective
sites. As a result, the lithium-sulfur batteries with this carbon material as the sulfur host deliver a high specific capacity of 1182
mAh ¢! at 0.5 C, excellent cycling stability with a capacity retention of 70% after 500 cycles, and outstanding rate capability,
one of the best results among pure carbon hosts. The strategy suggested here may rekindle interest in exploring the potential
of pure carbon materials for lithium-sulfur batteries as well as other energy storage devices.
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o meet the surging demand of our electrified society, Then, the lithiation-induced expansion of the cathodes
advanced energy storage technologies with high energy
density and long service life have been actively
pursued in the past decade.'™ Among them, lithium-sulfur
(Li-S) batteries have attracted focused attention because of shuttle between the two electrodes, which brings about
their high theoretical capacity, low cost, and environmental
benignity of the sulfur cathode.*” Nevertheless, the real
performance of Li-S batteries is unsatisfactory, as the low
Coulombic efficiency, poor capacity retention, and inferior

generally results in pulverization of the electrode, causing

rapid performance fading. The soluble LiPS intermediates

deteriorated Coulombic efficiency. Moreover, the sulfur

redox reactions are kinetically sluggish, resulting in notorious

calendar life are usually observed. The reasons are largely March 17, 2020
associated with the sulfur cathode regarding its insulation, April 30, 2020
formidable volume variation during operation, and the severe April 30, 2020
shuttle effect of lithium polysulfide (LiPS) intermediates.”” "
The intrinsically insulating sulfur prevents the efficient

utilization of the active species, giving a low specific capacity.
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Figure 1. Schematic illustration of the synthetic process of DHPCs.
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Figure 2. FESEM images of NHPCs (a, c) and DHPCs (b, d). TEM observations of NHPCs (e) and DHPCs (f).

side effects.'* As a result, the real application of Li-S batteries
remains to be a formidable challenge.

Hierarchically porous carbon architectures provide a viable
solution to address the insulation and volume expansion-
related issues.'>~'? The large surface area permits the uniform
dispersion of sulfur that substantially shortens the diffusion
path of electrons/ions via which the full utilization of the active
species is highly possible within the conductive network.
Besides, the hierarchical porosity provides sufficient space to
accommodate the large volume variation during lithiation/
delithiation, leading to enhanced electrode stability. Unfortu-
nately, the nonpolar surface of carbon materials offers
unfavorable affinity to the polar LiPS intermediates, failing to
inhibit their shuttling.””*' To deal with this intractable
problem, heteroatoms and/or functional groups have been
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anchored in the hierarchically porous carbons for enhanced
adsorption of LiPSs.”””** However, these modification
strategies afford insufficient improvements on the polarity,
and the shuttle effect is thus incapable of being essentially
overcome. As a result, transition-metal compounds with much
higher polarity have been suggested to functionalize the porous
carbon skeletons for improved LiPSs capture.”> >” Interest-
ingly, some of these compounds could further lead to catalytic
conversion of the LiPSs, thus fundamentally boosting the
performance of Li-S batteries.”*™*® To produce such hybrid
compounds, tedious procedures have to be used, which
increase the cost of the sulfur cathodes. Considering the
large deployment of energy storage devices in the near future,
it will be more appealing if the cost-effective hierarchically
porous carbon architectures could be directly endowed with
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Figure 3. (a) Full XPS spectra of NHPCs and DHPCs. C 1s spectra of (b) NHPCs and (c) DHPCs. (d) Raman profiles of NHPCs and
DHPCs. (e) C K-edge NEXAFS spectra for NHPCs and DHPCs and (f) their magnified view between 282 and 285 eV.

the capability of trapping and catalytic conversion of LiPSs
without introducing extra components. Recent studies have
revealed that intrinsic defect-rich carbon materials possess
strong polarity, superior to their heteroatom-doped counter-
parts. Moreover, these defective sites can essentially facilitate a
number of electrochemical reactions including hydrogen
evolution reactions, oxygen evolution reactions, oxygen
reduction reactions, and carbon dioxide reduction reactions
because of the defect-incurred local electronic reconfigura-
tion.”’ ™" In this regard, intrinsic defect-rich hierarchically
porous carbon architectures (denoted as DHPCs) are
supposed to simultaneously fulfill all the requirements raised
by Li-S batteries, especially the efficient capture and catalytic
conversion of LiPSs. To our knowledge, the potential of such
an architecture for this purpose has seldom been verified.
Herein, we report a simple and scalable construction of
hierarchically porous carbon architectures with abundant
intrinsic defects to host sulfur as the promising cathodes for
Li-S batteries. Started from a widely available nitrogen-
containing precursor and potassium hydroxide, the nitrogen-
doped hierarchically porous carbon architectures (NHPCs)
with hexagonally organized macropores possessing micropores
and mesopores enriched cellular walls were first prepared by a
facile in situ templating technology, and the intrinsic defects
were then introduced by annealing the NHPCs at a higher
temperature. The thus-obtained DHPCs give rationally
organized pore structures with uniformly distributed intrinsic
defects. The increased polarity and redistributed surface
charges at these defective sites offer superior adsorption and
robust catalytic conversion toward LiPSs. Moreover, the
hierarchically porous architectures permit the full exposure of
these active species to the LiPS intermediates, providing
sufficient electrochemical interfaces. As a result, the Li-S
batteries with DHPCs as the sulfur host offer a high specific
capacity of 1182 mAh g~' at a current density of 0.5 C,
excellent cycling stability, and outstanding rate capability at a
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sulfur content of 70 wt %. The facilely regulated carbon
architectures may offer an alternative solution to address the
detrimental effect of Li-S batteries with promising potential.

RESULTS AND DISCUSSION

The overall synthetic procedure of the DHPCs is exhibited in
Figure 1. First, 1,10-phenanthroline and potassium hydroxide
at an optimal mass ratio were mixed uniformly by grinding.
Then, the mixture was annealed at 800 °C for 2 h in an inert
atmosphere to produce NHPCs. Afterward, another annealing
procedure at a higher temperature, namely 1150 °C, was
conducted, during which the nitrogen in the carbon framework
would be essentially removed.*” The vacancies induced by
nitrogen removal at such a high temperature could drive the
reorganization of the peripheric carbon atoms, leading to the
formation of intrinsic defects of various forms, including
pentagons, heptagons, and octagons.

The detailed structure evolution of NHPCs and DHPCs was
analyzed using X-ray diffraction (XRD), field-emission
scanning electron microscopy (FESEM), and transmission
electron microscopy (TEM). As shown in the XRD patterns
(Figure S1), both NHPCs and DHPCs present two broad
diffraction peaks around 26 and 44°, which can be assigned to
the (002) and (101) plane reflections of graphitic carbon,
respectively. FESEM observation reveals that NHPCs possess
an ultralarge sheet-like morphology (Figure S2a) where the
surface is decorated with macropores of around 100—200 nm
organized into honeycomb-like patterns (Figure 2a). The
possible reasons for the formation of such a structure may be
related to the molten environment created by potassium
hydroxide at elevated temperatures and the strong chelate
effect between 1,10-phenanthroline and metal ions.*' The wall
of the macropores is decorated with multiple mesopores and
micropores, revealed from the nitrogen sorption isotherm in
Figure S3. After removing nitrogen, the overall morphology of
DHPCs is well maintained (Figure S2b). The walls of
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Figure 5. (a) CV curves in a voltage range of 1.7—2.8 V with sweep rate of 0.1 mV s™" and (b) and (c) charge/discharge profiles of S@NHPC
and S@DHPC at 0.5 C. (d) Cycling performance at 0.5 C, (e) rate capability, and (f) Nyquist plots of S@NHPC and S@DHPC. (g) Long-

term cycling performance of the S@DHPC cathode at 2 C.

macropores in DHPCs, however, are distorted, resulting in a
rough surface shown in Figure 2b. The distortion may be
associated with the local structural reconstruction after
nitrogen removal, and the uniformly distorted structure
suggests that the intrinsic defects are evenly distributed
throughout the whole network. The structural evolution can
be further verified by observing their morphology at higher
magnified FESEM (Figure 2¢,d) and TEM images (Figure
2e,f). The two structures give very similar nitrogen sorption
isotherms, and their specific surface areas are relatively close
(Figure S3 and Table S1).

6225

The intrinsic defects were elaborately verified by the
combined use of X-ray photoelectron spectroscopy (XPS),
Raman spectra, and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy. After the second annealing at 1050
°C, the nitrogen in NHPCs is almost fully removed (Figure 3a,
Figure S4, and Table S2), contributing to an increased content
of sp® carbon (Figure 3b,c). The Raman profiles exhibited in
Figure 3d agree well with the XPS results where the intensity of
the peak associated with defects at around 1350 cm™ is
stronger in DHPCs, giving rise to an increased Ip/Ij ratio, a
widely used indicator to describe the relatively defective
content in carbon materials."”** Then, C K-edge NEXAFS was
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further used to investigate the structural feature (Figure 3e).
Compared to NHPCs, DHPCs give a weak shoulder feature
around 284.5 eV associated with edge characters (Figure 3e,f),
indicative of the increased degree of graphitization in localized
regions due to annealing at higher temperatures. This
structural feature contributes to the increased conductivity
(Table $3).** The appearance of a strong peak at 288.5 eV
between the 7* (~285.5 V) and 6* (~293 eV) resonances in
the curve of DHPCs reflects the increase of sp*-like structures.
Due to the decreased edge characters, the origin of intrinsic
defects may be located at the basal plane of the graphene
domain in carbon materials.”*** The emerged intrinsic defects
endow the carbon material with a stronger polarity compared
to its nitrogen-doped counterpart, reflected from a more
hydrophilic surface as shown in Figure SS5. As a result, an
improved adsorption of the LiPSs can be expected.

To evaluate the adsorption capability of NHPCs and
DHPCs toward LiPSs, we carried out visualized adsorption
tests and UV—vis absorption measurements as presented in
Figure 4a. After adding NHPCs into the Li,S¢ solution, an
obviously weakened color is observed, indicative of the
effective adsorption of Li,S¢ by this nitrogen-doped carbon
material. With the same amount of DHPCs introduced, the
solution is almost colorless, revealing an enhanced adsorption
capacity toward the LiPSs. The UV—vis curves further confirm
this conclusion. As shown, the Li,S¢ solution shows a very
strong absorption peak, while the intensity of this peak is
reduced after adding NHPCs into this solution. The
introduction of DHPCs can induce a much stronger
diminution of Li,Ss-related peak, verifying the significantly
enhanced adsorption capability of LiPSs, which is highly
desired for the cathode of Li-S batteries.’® The catalytic activity
of the DHPCs and NHPCs toward the conversion of LiPSs in
Li-S batteries was compared using symmetric cells with the
Li,S¢-containing electrolyte employing NHPCs and DHPCs as
electrodes, separately. Meanwhile, a cell with Li,Ss-free
electrolyte was also evaluated to correct capacitive contribu-
tions,46 which delivers a negligible contribution to the
capacitive current. As shown in Figure 4b, the current density
of DHPCs cell is much larger than that of NHPCs cell,
reflecting that DHPCs promote faster redox reactions for the
conversion of LiPSs, shortening their lifespan and thereby
further suppressing the notorious shuttle effect.”**”

Then, sulfur was impregnated into the carbon architectures
as the cathode of Li-S batteries. Even at a loading amount as
high as 70 wt % (Figure S6), the sulfur species can still be
uniformly distributed as revealed from the elemental mapping
(Figure S7). Moreover, the sulfur-related diffraction peaks are
almost absent in the XRD pattern of S@DHPC (Figure S8),
which is different from the XRD profiles of other sulfur-carbon
cathodes.”* Such a result may unveil a strong anchoring effect
of the DHPCs toward sulfur that restrains the heavy
aggregation of active species. The electrochemical perform-
ances of the Li-S batteries with S@DHPC and S@NHPC
cathodes were systematically investigated using cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD),
and electrochemical impedance spectroscopy (EIS) methods.
Figure Sa showcases the CV curves of these two cells recorded
at a scan rate of 0.1 mV s™. In the cathodic branch, two peaks
appear where the one at a higher potential (I) results from the
reduction of sulfur (Sg) to soluble LiPSs (Li,S,, 4 < n < 8) and
the peak at the lower potential (II) represents the conversion
of LiPSs to insoluble Li,S,/Li,S.">*® The area ratio (II/1) of

6226

these two cathodic peaks is associated with the conversion
degree of the soluble LiPSs to Li,S, which is widely used to
reveal the utilizing ratio of sulfur.’® The II/I area ratio of S@
DHPC was calculated to be 2.0S, which is much larger than
that of S@NHPSs as well as some previous results,"”*
suggesting an improved utilization of the active species. In the
anodic branch, the overlapped oxidation peaks (III) at around
2.4 V appear which are indicative of the gradual delithiation of
Li,S to LiPSs and eventually to sulfur. The area ratio of the
cathodic (I + I)/anodic (III) peaks was calculated to be ~97%
for the cell with the S@DHPC cathode, revealing the almost
fully reversible conversion of sulfur. As for the S@NHPC
cathode, a smaller value is offered, suggesting that the active
sulfur is not fully explored. Furthermore, S@DHPC shows a
higher reduction potential and lower oxidation potential than
the S@NHPC cathode, demonstrating that the intrinsic
defects significantly reduce the polarization due to the
enhanced catalytic conversion between S and Li,S.>’ Figure
Sb,c presents the typical GCD profiles of S@DHPC and S@
NHPC cathodes at a current density of 0.5 C (1 C = 1675 mA
g™'). As shown, the discharge branches show two plateaus
associated with gradual conversion of S to LiPSs and Li,S,
which coincide with the CV results. Moreover, the reduced
polarization by using the S@DHPC cathode is further
confirmed by a narrower gap between discharge and charge
plateaus. As shown in Figure Sc, a gap of around 0.34 V for the
cell with S@NHPC cathode is observed, which is much larger
than that of S@DHPC (0.23 V). Furthermore, the S@DHPC-
based cell affords a specific capacity of 391 mAh g™" at the first
plateau around 2.3 V, comparing favorably to 311 mAh g™' of
the S@NHPC. This phenomenon likely arises from the
improved interaction between the intrinsic defects and LiPSs,
leading to the restriction of their diffusion and enhancement of
their reduction.”’ The cycling capability of the S@DHPC and
S@NHPC was evaluated at a current density of 0.5 C and
compared in Figure Sd. As shown, the S@DHPC cathode
displays an initial discharge capacity of 1182 mAh g~', while
the S@NHPC exhibits an initial capacity of only 883 mAh g~
The specific capacity of the S@NHPC gradually declines to
661 mAh g after 120 cycles, much lower than that of S@
DHPC where a large specific capacity of 886 mAh g is
maintained. The rate performance of the cells with different
cathodes was also compared at various rates ranging from 0.1
to 2 C as illustrated in Figure Se. The S@DHPC electrode
shows a discharge capacity of 1288, 1005, 884 mAh g™' at the
current density of 0.1, 0.2, and 0.5 C, respectively. Even
operating the cell at the current density as high as 1 and 2 C, a
highly reversible capacity of 771 and 694 mAh g,
respectively, could still be afforded. When reducing the current
density back to 0.5 C, the specific capacity can increase to 826
mAh g7', indicating the excellent stability of the S@DHPC
cathode. In contrast, the S@NHPC electrode delivers much
lower capacities under the identical conditions. The GCD
curves of the S@DHPC cathode at various current rates in
Figure S9 further confirm the improved charge/mass transfer
and enhanced active sulfur utilization. Then, the EIS
measurement of the two cells was conducted, and the related
Nyquist plots of S@DHPC and S@NHPC cathodes are shown
in Figure 5f. Obviously, the S@DHPC gives a smaller charge-
transfer resistance (R,), facilitating the enhanced LiPSs
conversion.”” The cycling stability of the S@DHPC cathode
was evaluated at 2 C for 500 cycles (Figure Sg). The S@
DHPC cathode offers an initial capacity of 746 mAh g™'. After
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Figure 6. Side and top views of the optimized geometric configurations of Li,S and Li,S, on (a, ) G, (b, f) NG, (c, g) 585D, and (d, h) 59D.
Gray, pink, and yellow balls represent C, Li, and S atoms, respectively. (i) Schematic illustration of the immobilization and conversion of

sulfur species on the surface of DHPC.

500 cycles, a reversible discharge specific capacity of 520 mAh
g' still remains, indicative of an average capacity decay rate as
low as 0.06% of each cycle. All of these results indicate that the
intrinsic defects play a key role in suppressing the shuttle effect
and facilitating the chemical conversion of LiPSs, thus
rendering a significantly improved performance of the as-
fabricated Li-S batteries compared with previously reported
results (Table S4). To further explore the synergistic effect of
the hierarchical porosity and intrinsic defects, a Li-S battery
employing a DHPC-based cathode with a sulfur content as
high as 90 wt % (Figure S10a) was assembled for evaluation.
As shown in Figure S10b,c, a very decent rate capability can
still be afforded. Moreover, a stable cycling performance
(Figure S10d) is also obtained which is reflected from a large
initial discharge capacity of 873 mAh g~ and a low average
capacity fade rate of 0.075% per cycle over 500 cycles.

To get an insight into the improved performance enabled by
the intrinsic defect-rich carbon materials, the adsorption
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behaviors of the Li,S, clusters on different types of carbon
surfaces have been elucidated by the first-principles calcu-
lations. Four types of carbon structures, including pristine
graphene (G), pyridinic N-doped graphene (NG), graphene
with 5—9 defect (59D), and S—8—5 defect (585D), were
modeled for the theoretical investigation, as illustrated in
Figure S11. The adsorption energy E, is computed to measure
the adsorption strength for Li,S,, species, which is defined as E,
= Ep;s+sb — Evijs, — Esuy Where Epig oy Eris, and Egy, are
the energy of the Li,S, substrates systems, the free-standing
Li,S,, and the carbon substrates, respectively. It is found that
the two defective carbons possess a stronger adsorption toward
typical sulfur species in Li-S batteries than the N-doped and
pristine graphene, as shown in Figure S12, suggesting the
improved affinity to LiPSs induced by intrinsic defects. The
adsorption of Li,S (discharge product) and Li,S, (intermediate
product) is compared in detail, as shown in Figure 6. Figure
6a—d displays the optimized geometries of Li,S adsorption on
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G, NG, 585D, and 59D. The adsorption energy (E,) of Li,S on
585D and 59D is —1.186 and —1.317 eV, respectively, which is
more negative than that of G (—0.394 eV) and NG (—0.931
eV), indicative of stronger adsorption of the final discharge
products.”” A similar trend is also found in Figure 6e—h for the
optimized geometries of Li,S, on these surfaces, signifying that
the intrinsic defects of the carbon can induce improved
adsorption for both electron-abundant sulfur and polar sulfur-
based anions.

The real-space charge density difference (CDD) (Figure
S13) also unveils the much stronger interaction between the
defective carbon and sulfur species. Such powerful bonding
forces would effectively restrain polysulfide shuttling, leading
to long-term stability.”” To quantitatively unveil the interaction
and charge transfer, the Bader charge was applied to obtain the
amount of valence electron around each atom of LiPSs. Table
S5 lists the variance of charge for each atom in the Li,S, cluster
and the Li,S, cluster on different carbon structures where the
atomic number of Li,S, is shown in Figure S14. The loss of the
electron of Li,S, cluster (Aey; ) is 0.146 and 0.184 e on S9D

and 585D, respectively, which is almost 1 order of magnitude
larger than those on the G and NG. Thus, 59D and 585D have
strong chemical interactions with Li,S,, offering an enhanced
anchoring effect.”

Based on the experimental results and theoretical inves-
tigation, the immobilization and conversion of LiPSs on the
surface of DHPC are illustrated in Figure 6i. First, the Sg ring is
gradually reduced by electrons and combined with Li* ions,
giving rise to long-chain LiPSs including Li,S¢ and Li,S,. The
intrinsic defects, with strong affinity to LiPSs, can in situ trap
the as-formed intermediates efficiently. Then, the carbon
substrates with facilitated electron transfer would promote the
fast conversion of the LiPSs. As a result, this architecture not
only restrains the shuttle effect of LiPSs but also promotes
their conversion.

CONCLUSION

In summary, we unveil that the intrinsic carbon defects are
capable of strong adsorption and superior catalytic conversion
of LiPSs. Through a facile two-step annealing method,
hierarchically porous carbon architectures rich in these defects
could be massively produced at low cost. The existence of
intrinsic defects has been elaborately verified by XPS, Raman
spectra, and NEXAFS. Based on the experimental and
theoretical studies, the essentially improved adsorption and
promoted conversion of LiPSs at these defective sites have
been elaborately demonstrated. Such a carbon architecture
allows a uniform loading of sulfur as high as 90 wt %. The as-
synthesized S@DHPCs for Li-S batteries exhibit a high specific
capacity of 1182 mAh g~ at 0.5 C, enhanced rate performance,
and excellent long-term stability with an ultralow capacity
decay of 0.06% per cycle even at a high rate of 2 C. This work
could offer an alternative strategy for addressing the
detrimental shuttle effect and sluggish conversion kinetics of
LiPSs.

EXPERIMENTAL SECTION

Synthesis of NHPCs. In a typical synthesis, 1,10-phenanthroline
monohydrate (Aladdin Ltd.) and KOH (Sinopharm Ltd.) with a mass
ratio of 1:4 were ground by hand in an agate mortar for S min. The
mixture was then put in a corundum boat and heated in a tube furnace
under an inert atmosphere at 800 °C for 2 h with a heating rate of §
°C min~". After repeatedly washing with the dilute HCI solution
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(10%) and distilled water and subsequently drying at 60 °C for 10 h,
the NHPCs were obtained.

Synthesis of DHPCs. The DHPCs were prepared by simply
annealing the as-obtained NHPCs at a higher temperature.
Specifically, NHPCs were annealed at a high temperature of 1150
°C for 2 h with a ramp rate of $ °C min™" in nitrogen atmosphere via
which the nitrogen atoms in NHPCs could be essentially subtracted,
giving rise to the intrinsic defect-rich carbon materials.

Synthesis of S@NHPC and S@DHPC. The as-prepared host
materials and sublimed sulfur powder in mass ratios of around either
30:70 or 10:90 were added into the CS, solvent to produce uniform
dispersions. Then, the dispersions were stirred at 45 °C to evaporate
CS,. After that, the as-obtained samples were sealed in vacuum glass
tubes, which were then kept at 155 °C for 12 h. Another heat
treatment at 200 °C for 2 h under an inert condition was conducted,
via which the redundant sulfur on the exterior surface of the
composites would be removed, giving rise to S@NHPC and S@
DHPC.

Material Characterizations. Crystal structure characterization
was carried out with XRD on an X'Pert PRO MPD system. FESEM
(S4800 from Hitachi, Japan) and TEM (JEM-2100UHR, Japan) were
employed to analyze the morphology and structure evolution. The
nitrogen sorption isotherms of the NHPCs and DHPCs were
recorded on a gas adsorption apparatus (ASAP 2020, Micromeritics,
USA) to produce the specific surface area and pore size distribution.
Electrical conductivity was measured using the four-probe method on
the ST-2777 resistivity of power tester. The sulfur content was
measured by recording the thermogravimetric curves of the sulfur/
carbon composites from ambient temperature to 600 °C with a
ramping rate of 10 °C min~" under nitrogen atmosphere on a thermal
gravimetric analyzer (QS00, TQ, USA). The elemental mapping of
S@DHPC was analyzed using TEM (JEM-2100F) equipped with
energy-dispersive X-ray spectroscopy (AZtecOne, Oxford Instrument,
UK). The structure defects were then systematically analyzed using
different technologies including Raman spectroscopy (RM2000,
Renishaw, UK), XPS (Escalab 250XI, Thermo Scientific, USA),
NEXAFS at Beijing Synchrotron Radiation Facility equipped with a
hemispherical electron analyzer, and a microchannel plate detector.

LiPSs Adsorption Evaluation. First, a homogeneous solution
with 2 mM Li,S¢ solution was prepared by dissolving sublimed sulfur
and Li,S in a molar ratio of 5:1 in 1,2-dimethoxyethane and 1,3-
dioxolane (DME/DOL, 1:1 vol) at 55 °C for 12 h under vigorous
stirring. The process was carried out in an Ar-filled glovebox. Then,
the UV—vis spectra of the solution before and after adding NHPCs/
DHPCs were recorded using a UV—vis spectrophotometer (UV-2700,
Shimadzu, Japan).

Electrochemical Measurements. The electrodes of the
symmetric cell, which were employed for kinetic analysis, were
prepared by casting the slurry containing the as-prepared carbon
materials, carbon black, and polyvinylidene difluoride with a mass
ratio of 7:2:1 on aluminum foil and then cut into disks of 12 mm in
diameter. Two identical electrodes were used to assemble the
symmetric cell where 40 uL of the electrolyte containing 0.5 M Li,Sq
and 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI)
dissolved in DOL/DME (1:1 in volume) was added in each cell.
The CV curves were recorded on an electrochemical workstation
(Ivium-n-Stat, Ivium Technologies, The Netherlands) at a scan rate of
50 mV s™'. As for the cathode performance of Li-S batteries, the as-
prepared working electrode containing the sulfur/carbon composites,
carbon black, and polyvinylidene difluoride in a mass ratio of 7:2:1
and a pure Li foil as the reference and counter electrode were
assembled into a cell in an Ar-filled glovebox. The loading mass of the
active species in the working electrodes was around 1.5—2.0 mg cm ™
These two electrodes were separated by a microporous polypropylene
membrane and infiltrated with an electrolyte containing 1.0 M LiTFSI
in DME/DOL (1:1 in volume) with 1.0% LiNO,. The GCD tests
were performed on a Land Battery Measurement System (CT2001A,
LANHE, China) at a current density ranging from 0.1 to 2 C (1 C =
1675 mA g™') between 1.7 and 2.8 V vs Li/Li*. The specific capacity
calculated in this work was based on the mass of sulfur in the cathode.
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CV curves were recorded on an electrochemical workstation (Ivium-
n-Stat, Ivium Technologies, The Netherlands) in the voltage window
of 1.7 and 2.8 V at a scan rate of 0.1 mV s™". The EIS evaluation of the
cells was obtained using an impedance analyzer (PARSTAT4000,
Ameteksi, USA) in the frequency range between 100 kHz and 10
mHz where the voltage amplitude is 10 mV.

Theoretical Calculations. The Vienna ab initio simulation
package based on density functional theory (DFT) was employed
to perform the computations.”**> The projector augmented wave
method with an energy cutoff of 500 eV was used for modeling. The
generalized gradient approximation exchange—correlation function
was used in Perdew—Burke—Ernzerhof form.*® DFT-D3 functional
was used to describe the van der Waals interaction.”” The total energy
change was converged to within 107° eV, and the atomic
configuration was completely relaxed until the maximum residual of
force becomes <0.02 eV A™". K-points were adjusted as 3 X 3 X 1 by
the Monkhorst—Pack method.*® To avoid the unexpected interactions
between atoms in the periodic super cells, a layer thickness of 25 A
was set as the vacuum condition. A 6 X 6 unit cell of graphene was
employed for all the configurations. The defect may exist in different
configurations. Here, we investigated two defects configurations and a
possible pyridinic N doping configuration. The 5—9 defect was
created by removal of single atom from the graphene lattice, while the
5—8—S5 defect was realized by the removal of two atoms from the
graphene.” The attention was focused on the adsorption behavior of
typical sulfur-related species in Li-S batteries including Sg, Li,Sg, Li,Sq,
Li,S4 Li,S,, and Li,S on these substrates.
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