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Engineering Hollow-Structured Carbon Framework to
Facilitate High-Sulfur-Content Encapsulation for
Lithium-Sulfur Batteries

Jong Hun Sung, Soyun Lee, Jeong-Hoon Yu, Jiwon Lee, Bo Yu, Dong-Hyun Lee,
Ha-Young Lee, Seung-Tae Hong, Ibnu Syafiq Imaduddin, Joonhee Kang,*
and Jong-Sung Yu*

Lithium-sulfur batteries (LSBs) have emerged as promising cand-
idates for next-generation energy storage systems due to their high
theoretical energy density and cost-effectiveness. However, their practical
application is severely limited by the shuttle effect of lithium polysulfides
(LiPSs) and the inherently low electrical conductivity of sulfur, which leads to
rapid capacity fading and poor rate performance. To address these challenges,
this work develops a hollow-structured graphitic nitrogen-doped porous
carbon (h-GNPC) framework derived from zeolitic imidazolate framework-8
via a magnesiothermic reduction (MR) process. This method effectively tailors
the pore architecture and electrical conductivity, enabling efficient sulfur
encapsulation and high sulfur loading up to 90 wt.%. Compared to a carbon
host treated without the MR method, the h-GNPC exhibits enhanced porosity,
which can accommodate sulfur with stabilized cyclability. As a result, a coin cell
with sulfur-loaded h-GNPC cathode exhibits an initial capacity of 1292.9 mAh
g−1 and enhanced capacity retention of 74.9% over 500 cycles at 0.2 C as well
as rate performance. Notably, pouch-type cells assembled with the h-GNPC
cathode demonstrate excellent scalability and cycling stability, highlighting the
practical potential of this design for the commercialization of LSBs technology.

J. H. Sung, J.-H. Yu, J. Lee, B. Yu, D.-H. Lee, H.-Y. Lee, S.-T. Hong,
I. S. Imaduddin, J.-S. Yu
Department of Energy Science and Engineering
Daegu Gyeongbuk Institute of Science & Technology (DGIST)
Daegu 42988, Republic of Korea
E-mail: jsyu@dgist.ac.kr
S. Lee, J. Kang
Department ofNanoFusionTechnology
PusanNationalUniversity
Busan46241, Republic of Korea
E-mail: j.kang@pusan.ac.kr
H.-Y. Lee, J.-S. Yu
UEScience
R7-507, 333Techno Jungang-Daero,Daegu42988, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202508609

© 2025 The Author(s). Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

DOI: 10.1002/smll.202508609

1. Introduction

The increasing demand for large-scale
applications such as electric vehicles and
portable electronic devices necessitates
high-capacity and high-energy-density en-
ergy storage systems.[1–5] At the same time,
competition to reduce battery costs is be-
coming ever more intense, prompting the
search for alternatives beyond conventional
lithium-ion batteries (LIBs).[6–9] Lithium-
sulfur batteries (LSBs) have emerged as
one of the most promising next-generation
systems due to their exceptionally high the-
oretical energy density (≈2600 Wh kg−1),
far surpassing that of current LIBs.[10–16] In
addition, sulfur offers several advantages,
including low-cost, natural abundance,
and environmental benignity.[17–19] Despite
these merits, LSBs still suffer from poor cy-
cle performance and limited rate capability,
primarily due to the continuous dissolu-
tion of lithium polysulfides (Li2Sx, 4 ≤

x ≤ 8; LiPSs) intermediates into the elec-
trolyte. Furthermore, the large volumetric

expansion of sulfur (≈80% upon lithiation)[20,21] and its intrinsi-
cally low electrical conductivity (5 × 10−30 S cm−1)[22,23] further
degrade battery performance.
To overcome the dissolution and improve the sluggish re-

dox kinetics of LiPSs conversion, many strategies have been
suggested such as electrolyte formulations,[24,25] functional
separators,[26,27] interlayers,[28,29] and binders.[30,31] In particular,
the design of effective sulfur host materials has received con-
siderable attention, as they can physically confine sulfur and
chemically adsorb LiPSs, resulting in dramatic improvement
on charge–discharge cycle stability of the sulfur electrode.[32]

Among various hosts, polar oxides have been traditionally ex-
plored as sulfur hosts owing to their strong chemisorption ca-
pability for LiPSs intermediates. For example, La2O3,

[33] TiOx,
[34]

SiO2,
[35–37] CeO2,

[38] andMnO2
[39] have demonstrated notable im-

provements by suppressing LiPSs dissolution. Similarly, polar
(semi)conductive materials including sulfides,[40] phosphides,[41]

and nitrides[42–44] have also been investigated as sulfur hosts, of-
fering an alternative to the oxygen-based compounds. However,
many of these materials suffer from poor electrical conductivity,
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Figure 1. a) Schematic representation of host carbon design. b–g) HAADF-STEM and corresponding EDS mapping images for h-NPC and h-GNPC.

which limits their rate performance. This challenge has moti-
vated the use of carbonaceous materials with high surface area
and porosity, such as graphene,[23] mesoporous carbon,[45] mi-
croporous carbon,[46] metal–organic frameworks (MOFs)-derived
carbons.[47] Owing to their excellent electrical conductivity and
porous structures, carbonaceous materials are recognized as
highly effective sulfur hosts for further improving the perfor-
mance of the LSBs. Moreover, heteroatom-doped carbons have
beenwidely developed to enhance LiPSs affinity by compensating
for the nonpolar nature of conventional carbon surfaces.[48–51] In
particular, hollow-structured MOF-derived carbons have shown
significant potential in encapsulating sulfur andmitigating LiPSs
dissolution via their polar and porous architectures.[52,53] How-
ever, many previously reported hollow frameworks exhibit lim-
ited pore volume or excessivemicroporosity in nature, which hin-
ders the diffusion and dense encapsulation of high sulfur content
into the hollow interior. Moreover, the hollow MOFs mentioned
above generally lack sufficient graphitic property, which plays a
crucial role in enhancing electrical conductivity, leading to slug-
gish electron transport behavior.
Inspired by the synergistic potential of hollow MOF-based

structures for LSBs, we propose an innovative design of hollow-
structured graphitic nitrogen-doped porous carbon (h-GNPC),
synthesized via a magnesiothermic reduction (MR) strategy af-
ter selective etching of a zeolitic imidazolate framework-8 (ZIF-
8) using tannic acid. The MR treatment not only effectively en-
larges the pore size, thereby facilitating the efficient infiltration
and uniform dispersion of sulfur within the hollow location,
but also significantly enhances the electrical conductivity of the
carbon matrix by inducing partial graphitization and forming a
graphitic lattice.[54,55] The obtained h-GNPC can accommodate a
substantially high sulfur amount (≈90 wt.%) within its hollow
area through the engineered pores, as well as exhibit superior
rate capability owing to the improved conductivity, while non-
MR-treated hollow-structured nitrogen-doped carbon (h-NPC)
with insufficient microporous structure cannot easily encapsu-
late large amount of sulfur, leading to low sulfur utilization.
These advantageous features collectively contribute to the realiza-
tion of long-term cycling performancewith a thin (50 μm) lithium
metal anode, achieving a capacity retention of 74.9% over 500 cy-
cles at 0.2 C. Furthermore, the electrochemical performance of
the h-GNPC-based cathode is successfully validated in a practical

pouch-type LSB configuration, which demonstrates a high areal
capacity (4.0 mAh cm−2) and outstanding capacity retention ex-
ceeding 73.0% over 50 cycles, even under commercially relevant
conditions of a high sulfur loading (4.4 mg cm−2) and a limited
electrolyte amount (5.0 μL mg−1). As a result, the engineered h-
GNPC enables the fabrication of compact electrode with high
sulfur loading, thereby offering the potential for higher energy-
density in practical LSBs.

2. Results and Discussion

The design process of the h-NPC or h-GNPC was illustrated in
Figure 1a. In brief, h-GNPC was synthesized following the MR
method of a hollow-structured zeolitic imidazolate framework (h-
ZIF-8) which was designated using zeolitic imidazolate frame-
work (ZIF-8) with a tannic acid (Figure S1, Supporting Informa-
tion).WhenMgmetal reacts with h-ZIF-8 under 650 °C as amelt-
ing point, theMg generatesmagnesiumnitride (Mg3N2) particles
by reaction with the C─N bond in the framework. As a result, the
nitrogen-deficient reaction results in the formation of a graphitic-
like structure. The remaining zinc (Zn) species or Mg3N2 can be
removed by etching with HCl solution. Moreover, the MR serves
a hierarchical porous structure in the carbon framework, which
tolerates much higher sulfur loading. In addition, the formation
of graphiticity originated from the MR also brings the increased
electrical conductivity of the h-GNPC. Thus, synergistic control-
lable porosity with hollow structure and high electronic conduc-
tivity can facilitate efficient encapsulation of sulfur in the frame-
work. Both h-NPC and h-GNPCobtained from the parent h-ZIF-8
record similar particle sizes of 350–400 nm in transmission elec-
tron microscopy (TEM) (Figure 1b,c; Figure S2, Supporting In-
formation). Interestingly, h-NPC shows a smoother surface with
a dense shell, whereas h-GNPC displays a rough surface with a
much less dense structure owing to N extraction from h-ZIF-8
duringMR process. Corresponding energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping was performed to investigate
the composition of carbon (C) and nitrogen for the h-NPC and h-
GNPC samples (Figure 1d–g). The elemental mapping images of
the EDS exhibit the homogeneous dispersion of C and N in both
samples. As expected, the h-GNPC shows a lower N content than
h-NPC (Figure S3, Supporting Information), supporting that the
C─N bonding reacts with Mg in the h-ZIF-8 to form Mg3N2
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Figure 2. a) XRD profiles, b) Raman spectra, c) N2 adsorption-desorption isotherms, and (d) pore size distribution for h-NPC and h-GNPC materials.
XPS spectra of e,f) C 1s and g,h) N 1s for h-NPC and h-GNPC.

species. In addition, the Zn signal is not observed in both car-
bon frameworks (Figures S3 and S4, Supporting Information),
displaying complete Zn etching by HCl.
Figure 2a exhibits X-ray diffraction (XRD) patterns for both

samples treated at 750 °C. The h-GNPC has a distinct diffraction
peak ≈26°, assigned to the (002) reflection of graphite, whereas
the h-NPC one just shows a broad signal at 25°, which indicates
an amorphous carbon.[56] The XRD patterns of parent ZIF-8 and
h-ZIF-8 samples are illustrated in Figure S5 (Supporting Infor-
mation) and the Mg3N2 presence is confirmed in the h-GNPC
before HCl etching (Figure S6, Supporting Information). Raman
spectroscopy was employed to differentiate the graphitization de-
gree of the two different carbons (Figure 2b). Two broad peaks
were identified at ≈1335 and 1580 cm−1. The peak near 1335
cm−1, known as the D band, is associated with structural de-
fects and disordered regions containing sp3-hybridized carbon.
In contrast, the peak at 1580 cm−1, referred to as the G band,
corresponds to the C═C bond in graphitic carbon composed of
sp2-hybridized carbon atoms. Accordingly, the intensity ratio of
the D to G band (ID/IG) is commonly used to evaluate the level of
graphitization. Both samples show Raman bands of G and D, re-
vealing that h-GNPC reveals a lower ID/IG intensity ratio of 0.34
with a 2D signal in comparison to that of the h-NPC (0.87) with-
out the 2D peak, emphasizing the former has a higher degree of
graphitization, in agreement with the XRD result. In addition,
the electrical conductivity of the carbon frameworks was evalu-
ated through a homemade four-probe system, resulting that the
h-GNPC has higher electrical conductivity according to graphiti-
zation (Figure S7, Supporting Information). Figure 2c,d show N2
adsorption/desorption isotherms and corresponding pore size
distribution profiles. The h-NPC shows a coexistence of type I
and IV isotherms, resembling those of the parent ZIF-8 and h-
ZIF-8 (Figure S8, Supporting Information).[57,58] In contrast, h-
GNPC clearly displays standard type IV isotherms with a type
H4 hysteresis loop. Moreover, the h-GNPC reveals predominant
mesopores with sizes centered at 5 and 15 nm, whereas the h-
NPC exhibits micropores with a few mesopores. The informa-

tion on BET surface area and pore distribution for all samples
is summarized in Table S1 (Supporting Information). Figure S9
(Supporting Information) informs that 750 °C is set up as an
optimum calcination temperature through confirming the ten-
dency of the graphiticity, morphology, and conductivity of the
Mg-treated carbon frameworks under three different tempera-
tures. At a calcination temperature of 650 °C, it is difficult to ob-
tain higher conductivity than that of h-NPC. On the other hand,
the h-GNPC sample calcined at 850 °C shows sufficiently in-
creased conductivity and graphitization. However, much higher
reactivity between the C─N bond and Mg can be generated at
high temperatures, leading to the collapse of the hexagonal struc-
ture. Furthermore, the h-GNPC samples were also characterized
by varying weight ratio of h-ZIF-8:Mg at fixed temperature of
750 °C (Figure S10, Supporting Information). The h-GNPC ex-
hibits gradually higher graphiticty with the lower ID/IG inten-
sity ratio, resulting in increased conductivity. However, similar
to the temperature-dependent case, the morphological structure
cannot be well-maintained under excessive Mg amount, indicat-
ing that the 1:1 (h-ZIF-8:Mg) reveals optimumweight ratio at the
750 °C. X-ray photoelectron spectroscopy (XPS) was performed
to confirm the chemical composition of the two carbon frame-
works, and all the signals were calibrated by C 1s at 284.5 eV.
The C 1s signal in both samples (Figure 2e,f) can be fitted to
three individual peaks at 284.5, 285.5, and 288.8 eV, assigned
to C─C/C─H, C─N/C─O, and C─N/C═O, respectively. The Mg-
treated h-GNPC sample reveals a much stronger C─C peak in
comparison to the h-NPC, which is related to graphitic sp2 car-
bon. Moreover, in general, the N species can be divided into
pyridinic, pyrrolic, and graphitic signals, corresponding to bind-
ing energies of 398.5, 400.0, and 400.7 eV, respectively.[59,60] As
shown in Figure 2g,h, and Figure S11 (Supporting Information),
the pyridinic N in the h-NGPC reveals dramatically decreased be-
havior than that of the h-NPC, while slight increased intensities
of the pyrrolic and graphitic N species are observed in h-GNPC.
The sulfur amount was confirmed using a thermogravimetric

analysis (TGA) under Ar conditions (Figure 3a). Both 90 wt.%
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Figure 3. a) TGA profiles, b) N2 adsorption-desorption isotherms, c) pore size distribution profiles, and for h-NPC/S90 and h-GNPC/S90 materials.
d,e) SEM, f,g) TEM, and h,k) corresponding EDS mapping images for h-NPC/S90 and h-GNPC/S90.

sulfur-loaded h-NPC (h-NPC/S90) and h-GNPC (h-GNPC/S90)
result in weight loss up to 90% after 350 °C, in agreement with
the sulfur amount. The XRD patterns also support that sulfur
is well composed of both carbon hosts (Figure S12, Support-
ing Information). In addition, both prepared composites exhibit
dramatically decreased BET surface area owing to the blocked
pores by sulfur loading (Figure 3b,c). The SEM was performed
to confirm the morphology of the h-NPC/S90 and h-GNPC/S90
to confirm uniformity of surface (Figure 3d,e). Interestingly, the
h-GNPC/S90 displays a much smoother surface like the pristine
h-GNPC sample, whereas an uneven and residuary surface is ob-
served in h-NPC/S90. The TEMmorphologies and EDSmapping
definitely show the sulfur site near the carbon host. In agreement
with SEM, the h-GNPC/S90 (Figure 3g,i,k) clearly exhibits well-
encapsulated sulfur morphology, whereas the sulfur is located in
the frame of the h-NPC particle (Figure 3f,h,j). The schematic il-
lustration of difference between h-NPC/S90 and h-GNPC/S90 is
presented in Figure S13 (Supporting Information).
Coin-type cells comprising h-NPC/S90 and h-GNPC/S90 cath-

odes with the 50 μm Li metal anode were tested under a voltage
window of 1.8–2.7 V under defined current density (1 C = 1675
mA g−1). The 1st discharge/charge profiles of h-NPC/S90 and h-
GNPC/S90 cathodes at 0.2 C are presented in Figure S14a (Sup-
porting Information), achieving discharge capacities of 1095.3
and 1292.9 mAh g−1, respectively. Cyclic voltammetry (CV) of
the two different cells was also investigated at a scan rate of 0.1
mV s−1 (Figure S14b, Supporting Information). The h-NPC/S90

shows the cathodic peaks found at 2.28 and 2.02 V, indicating con-
version of solid sulfur (S8) to highly soluble LiPSs and reduction
toward insoluble Li2S2/Li2S, respectively. In addition, the two an-
odic peaks found at 2.35 and 2.40 V, corresponding to the trans-
formation from Li2S2/Li2S to soluble LiPSs and oxidation toward
solid sulfur, respectively.[61] Interestingly, h-GNPC/S90 reveals
the reduction and oxidation peaks at higher (2.29 and 2.07 V) and
lower (2.30 and 2.36 V) potentials in comparison to h-NPC/S90,
clearly showing enhanced kinetics of the h-GNPC/S90 electrode.
The rate capability test was performed by increasing the C-rate
from 0.2 to 2 C and then returning to 0.2 C (Figure S15, Support-
ing Information). The h-GNPC/S90 clearly reveals a higher ca-
pacity in comparison to the h-NPC/S90 under at all C-rate stages.
Long-term cycle stability test of two prepared cells was further
conducted at a C-rate of 0.2 C for 500 cycles (Figure 4a). The cell
containing h-GNPC/S90 reveals superior retention up to 74.9%
(968.3mAhg−1) after 500 cycles, whereas the h-NPC/S90 cell only
shows a reversible capacity of 372.9 mAh g−1 with a capacity re-
tention of 34.0%. The detailed charge/discharge profiles at dif-
ferent cycles for the long-term cycling are presented in Figure
S16 (Supporting Information). The h-GNPC/S90 electrodes, of
which h-GNPC were synthesized under different temperatures
and h-ZIF-8:Mg ratios conditions, were also tested for 100 cycles
at the same current density of 0.2 C. Figure S17 (Supporting In-
formation) supports that the h-GNPC prepared at 750 °C with a
weight ratio of 1:1 exhibits much higher cycling performance, in
agreement with Figures S9 and S10 (Supporting Information).
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Figure 4. Coin-type cell test. a) Cycling performance of h-NPC/90 and h-GNPC/90 cathode under mild conditions of 0.2 C and E/S = 10 μL mg−1.
Investigation of cycling stability under different b) loadings and c) E/S ratios for h-GNPC cathode. Pouch-type cell test. d) Cycling performance of the
cell with h-GNPC cathode and e) corresponding charge/discharge curves at different cycles.

Electrochemical impedance spectroscopy (EIS) was performed
before cycling to compare the resistance of two different cells
(Figure S18, Supporting Information). The interval between the
origin and the initial x-axis intercept indicates the electrolyte re-
sistance (Rs), attributed to the contact resistance of the electrolyte
and electrode under the same electrolyte condition.[36] In addi-
tion, the semicircle commonly characterizes the charge transfer
resistance (Rct), while the linear peak at the low-frequency re-
gion can be attributed to Warburg impedance (W0).

[62] By using
the fitting of the equivalent circuit, the h-GNPC/S90 cell shows
a lower calculated Rct of 64.4 Ω in comparison to h-NPC/S90
(92.1 Ω), which is attributed to the much higher conductivity

of the h-GNPC host and thus better electrochemical kinetics.
Long-term cycling of the h-NPC/S90 and h-GNPC/S90 was fur-
ther investigated under increased current densities of 1 and 2 C
(Figure S19, Supporting Information). It is natural that display
decreased cycle performances at higher C-rate, which can be at-
tributed to the intrinsically low electrical conductivity of sulfur
and the sluggish redox kinetics of the Li2S/Li2Sx conversion.

[29,32]

Despite these limitations, the h-GNPC/S90 cell reveals relatively
well-maintained cyclabilities without cell failure, owing to com-
pensation of the electrical conductivity by the h-GNPC. The thick-
nesses of the two different cathodes were confirmed through the
cross-sectional SEM. Regardless of the same cathode loading, the
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lower thickness for the h-GNPC/S90 electrode supports higher
energy than that of h-NPC/S90 (Figure S20a,b, Supporting Infor-
mation). Moreover, the h-GNPC/S90 reveals a well-maintained
thickness after 200 cycles, whereas the h-NPC electrode exhibits
dramatically expanded behavior (Figure S16c,d, Supporting In-
formation). The excellent cyclability of the h-GNPC/S90 cath-
ode is apparent when compared with previously reported works
(Figure S21 and Table S2, Supporting Information). Currently, a
much higher cathode loading (> 4.0 mg cm−2) with thinner Li
metal anode are essential for practical LSBs cells with high en-
ergy density.[63,64] It is notable that the cyclability can result in
rapid capacity decay when the a higher areal capacity as increas-
ing cathode loading.[65] To confirm stability under the different
loading, the h-GNPC/S90 cathodes were investigated under four
different loadings for 100 cycles under 0.2 C (Figure 4b). As ex-
pected, the h-GNPC/S90 electrodes exhibit gradually higher areal
capacity with higher loading. Interestingly, the h-GNPC/S90 cell
reveals similar cyclability up to 4.4 mg cm−2 with reaching to
the areal capacity of 4.0 mAh cm−2. In contrast, the h-NPC/S90
cell is unable to achieve 4 mAh cm−2 even under 5.6 mg cm−2

with resulting in rapid capacity decay (Figure S22, Supporting
Information). The h-GNPC/S90 cells were further investigated
in different ratios of electrolyte amounts per sulfur mass (E/S,
μL mg−1) for 100 cycles under optimized loading of 4.4 mg cm−2

(Figure 4c). The h-GNPC/S90 cells show similarly stable capacity
retentions until the E/S ratio of 5.0 μL mg−1. Based on optimized
conditions of the h-GNPC host, a pouch-type cell was assembled
using 4.4 mg cm−2 h-GNPC/S90 cathode (4.0 mAh cm−2) and 50
μm Li metal anode (10.5 mAh cm−2) with electrolyte of 5.0 μL
mg−1. The photographs for the prepared electrodes and pouch-
type cell are presented in Figure S23 (Supporting Information).
Considering the areal capacity of the two electrodes, a capacity
ratio of negative electrode to positive electrode (N/P) is approxi-
mately calculated to 2.6, revealing superior competitiveness with
the N/P condition of recently researched Li metal batteries.[66,67]

Energy density of the fabricated pouch-type cell was calculated
at the initial cycle and was compared with that of the coin-type
cell (Tables S3 and S4, Supporting Information). The coin and
pouch cells achieve similar values of 184.5 and 181.7 Wh kg−1.
Furthermore, the cell with h-GNPC/S90 delivers a capacity reten-
tion of 73.0% even over 50 cycles (Figure 4d,e). The SEM images
of 50 μm Li metal in the cycled pouch-type cell were also char-
acterized to investigate morphological degradation. As shown in
Figure S24 (Supporting Information), slight particle-like growth
is found in all cycled electrodes in comparison to a pure one. It is
notable that the Li metal exhibits similar morphologies without
any dendritic Li growth even after 50 cycles, owing to the use of
an imide-based electrolyte with LiNO3 additive, which are well-
recognized for stabilizing the Li metal anode.[68,69] These results
support that the degradation of Li metal anode can be consid-
ered nearly negligible, with cycling performance being predom-
inantly attributed to the cathode. After the 50th cycle, the pouch
cell comprising h-GNPC/S90 cathode was then connected to a
light-emitting diode (LED). Remarkably, the LED remains in a
brightly illuminated state for more than 60 min without notice-
able fading (Figure S25, Supporting Information).
The two different carbon hosts were immersed in a LiPSs

solution (0.1 m Li2S6 in 1,2-dimethoxyethane/1,3-dioxolane
[DME/DOL]) to characterize the trapping ability. The dark brown

color of the Li2S6 solution displays brightly changed behavior af-
ter 12 h, when adding h-NPC and h-GNPC, respectively, mean-
ing that both powders effectively adsorb the LiPSs (Figure 5a). In
particular, the Li2S6 solution with h-GNPC is seen to be much
more transparent in comparison to that with h-NPC. Ultraviolet-
visible (UV–vis) absorption spectroscope was further performed
to evaluate the residual Li2S6 in the two different solutions af-
ter 12 h (Figure 5b). The broad peak near 280 nm is observed
in all tested solutions, which can be assigned to S6

2− species.[36]

Interestingly, the solution containing h-GNPC particles shows
lower peak intensity than that with h-NPC, despite the slightly
decreased N content in h-GNPC. To further confirm the adsorp-
tion of LiPSs in the carbon frameworks, the h-NPC (h-NPC/Li2S6)
and h-GNPC (h-GNPC/Li2S6) which have been dispersed into the
Li2S6 solution for 12 h and collected after centrifugation were in-
vestigated through XPS. For S 2p spectra, both samples show two
main 2p3/2 peaks at 162.1 and 163.1 eV, respectively, which can
be attributed to the terminal (ST) and bridging (SB) sulfur atoms,
respectively (Figure 5c).[37] Importantly, two mentioned peaks in
h-GNPC/Li2S6 reveal stronger intensity in comparison to the h-
NPC/Li2S6. Two other peaks at 166.7 and 168.2 eV which can be
assigned to thiosulfate (O3S-S) and polythionate (O3S-Sx-S) are
observed in both samples, originating from a few exposures of
oxygen in the air.[55] Moreover, the two main peaks at 55.5 and
56.4 eV are fitted in the h-NPC/Li2S6 and h-GNPC/Li2S6 sam-
ples, corresponding to the Li─S and Li─N bonds for the Li 1s
(Figure 5d).[36] In common with S 2p result, the h-GNPC/Li2S6
shows much stronger intensity than the h-NPC/Li2S6. Kinetics
of Li2S precipitation on the carbon hosts were examined using
chronoamperometric measurements. As shown in Figure 5e, the
capacity of Li2S precipitation for h-GNPC reaches to 220.4 mAh
g−1 at 2.05 V, revealing higher value in comparison to that for
h-NPC (162.1 mAh g−1). Moreover, the precipitation of Li2S for
the h-GNPC host (t = 2622 s) occours much faster than on the
h-NPC one (t = 2311 s). This finding exhibits that h-GNHPC sig-
nificantly reduces the Li2S nucleation overpotential, thereby fa-
cilitating the sulfur reduction kinetics.
To examine the influence of nitrogen functionalities on the

adsorption behavior of LiPSs species, density functional theory
(DFT) calculations were conducted using three different N-doped
graphene models. The binding energies of Li2S4, Li2S6, and
Li2S8 on each model were calculated according to the following
equation:

ΔEB = E (Substrate) + E
(
Li2Sx

)
− E

(
Substrate + Li2Sx

)
(1)

The atomic structures of the adsorbed state on the graphene
substrates are illustrated in Figure 5f, while the calculated bind-
ing energies are summarized in Figure 5g, revealing that the ad-
sorption strength increases in the order of graphitic < pyridinic
< pyrrolic, which can be attributed to the local coordination envi-
ronment of the nitrogen dopant. In particular, pyrrolic N with
fewer neighboring carbon bonds exhibits under-coordination,
thereby providing much higher active sites for strong interaction
with all LiPSs species. Pyridinic N can also exhibit stronger ad-
sorption toward LiPSs owing to its lone pair electrons that enable
strong coordination with Li+. Nevertheless, pyrrolic N located at
edges or in clustered configurations can provide higher structural
flexibility and enhanced local electron density, allowing multiple
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Figure 5. a) Digital photograph of Li2S6 solution and corresponding b) UV–vis adsorption curves of Li2S6 solution with/without addition of h-NPC or
h-GNPC after 12 h. XPS spectra of c) S 2p and d) Li 1s for h-NPC/Li2S6 and h-GNPC/Li2S6. e) Potentiostatic discharge curves of h-NPC and h-GNPC
electrodes at 2.05 V in Li2S8-based electrolyte. f) Adsorption structures of N-doped graphene and g) corresponding DFT calculations for binding energies.
Green, blue, and orange bars represent the adsorption energies on graphitic, pyridinic, and pyrrolic sites, respectively.

pyrrolic N atoms to simultaneously coordinate with a single Li
atom.[70,71] This cooperative multi-coordination effect can in cer-
tain cases render pyrrolic N more favorable for anchoring the
LiPSs species. This finding is consistent with experimental ob-
servations of the h-GNPC, which contains a higher proportion of
pyrrolic N. The h-GNPC shows pronounced fading of the Li2S6
solution in Figure 5a, along with increased sulfur and Li signal
intensities in the XPS spectra (Figure 5c,d). These results demon-
strate that by tuning the type and proportion of nitrogen function-
alities, it is possible to modulate the adsorption strength, provid-
ing a viable strategy to suppress the dissolution of LiPSs in the
electrolyte.

3. Conclusion

In this work, we successfully designed the h-GNPC with hollow
structure, polysulfide affinity, and further employed a practical 50
μm Li metal anode for high energy density LSB application. The
MR method allows controllable porosity to facilitate the penetra-
tion of sulfur into the hollow site of h-GNPC host as well as excel-
lent electrical conductivity. Thereby, the synthesized carbon host
with unique morphology and structure enables increased elec-
trochemical properties. For the coin-type cell, the h-GNPC/S90
cathode delivers superior initial capacity (> 1200 mAh g−1 at 0.2
C), excellent rate capability at all C-rate values, and remarkable

cycling stability (74.9% during 500 cycles) in comparison to the
h-NPC/S90 one. Furthermore, the h-GNPC/S90 cathode still ex-
hibits similar capacity retention with that undermild loading and
E/S ratio for 100 cycles as well as showing initial capacity of 4.0
mAh cm−2, despite increasing the cathode loading and E/S ra-
tio to 4.4 mg cm−2 and 5.0 μL mg−1, respectively. Aligned with
the outstanding performances, the h-GNPC/S90 cathode further
shows the possibility for commercialization of the LSBs by ex-
hibiting a well-operated pouch-type cell with 73.0% capacity re-
tention during 50 cycles at extremely practical condition of N/P
(2.6) and E/S (5.0 μL mg−1) ratios.
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