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Lithium—sulfur batteries (LSBs) show promise for achieving a high
energy density of 500 W h kg%, despite challenges such as poor
cycle life and low energy efficiency due to sluggish redox kinetics of
lithium polysulfides (LiPSs) and sulfur’s electronic insulating nature.
We present a novel 2D Ti;C, Mxene on a 2D graphitic carbon nitride
(g-C3N4) heterostructure designed to enhance LiPS conversion
kinetics and adsorption capacity. In a pouch cell configuration with
lean electrolyte conditions (~5 pL mg™), the g-C5N4-Mx/S cathode
exhibited excellent rate performance, delivering ~1061 mAh g!at
C/8 and retaining ~773 mA h g ! after 190 cycles with a Coulombic
efficiency (CE) of 92.7%. The battery maintained a discharge capa-
city of 680 mA h g~! even at 1.25 C. It operated reliably at an
elevated sulfur loading of 5.9 mg cm~2, with an initial discharge
capacity of ~900 mA h g~! and a sustained CE of over 83%
throughout 190 cycles. Postmortem XPS and EIS analyses eluci-
dated charge—discharge cycle-induced changes, highlighting the
potential of this heterostructured cathode for commercial garnet
LSB development.

Introduction

To align with the imperative of low-carbon and environmentally
sustainable development, there is a predominant focus on
advancing a new generation of efficient and eco-friendly energy
storage systems."” The pursuit of cost-effective batteries with
higher current density than conventional lithium-ion batteries
is a significant area of interest.>* Among various contenders,
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New concepts

We designed a novel 2D/2D heterostructure composed of MXene
nanosheets stacked with graphitic carbon nitride (g-C;N,) to enhance
the conversion reaction kinetics and adsorption capacity of lithium
polysulfides (LiPSs). The g-C;N, in the nanocomposite is derived from a
cheap precursor (melamine) and exhibits a high pyridine nitrogen
content, which inhibits polysulfide shuttling by demonstrating strong
interactions with LiPSs while the presence of Ti** ions (from Ti;C,
MXene) functions as catalytic sites (Sx-Ti---Li) for effectively grafting
the LiPSs and accelerating conversion kinetics. Under lean electrolyte
(~5 pL mg ') conditions, the g-C;N,-Mx/S cathode exhibited excellent
rate performance, delivering ~1061 mA h g~' at C/8 and retaining
~773 mA h g7 after 190 cycles with a Coulombic efficiency (CE) of
92.7%. The battery maintained a discharge capacity of 680 mA h g~ * even
at 1.25 C. It operated reliably at an elevated sulfur loading of 5.9 mg ecm ™2,
with an initial discharge capacity of ~900 mA h g~ ' and a sustained CE of
>83% throughout 190 cycles. By employing post-mortem analyses, we
have correlated the excellent electrochemical results with the chemical
and structural changes in the battery composition. Overall, we have
devised a straightforward route for the synthesis of the sulfur cathode
that not only differs from the existing host matrices in terms of the
synthesis method and composition but also shows superior
electrochemical performances in the extremely flexible pouch cell format.

lithium-sulfur batteries (LSBs) have garnered considerable
attention due to their outstanding energy density (2600 W h kg™ ),
elevated theoretical discharge capacity (1675 mA h g '), cost-
effectiveness, abundance of terrestrial resources, and environmen-
tally friendly characteristics.>® The Li-S redox process involves
intricate multi-step chemical and phase transformations between
solid sulfur, liquid polysulfides, and solid lithium sulfide (Li,S),
introducing unique challenges for LSBs. A pivotal concern is the
occurrence of “shuttle effects”, involving the formation of soluble
intermediate polysulfides during battery operation.”® Notably, the
diffusion of lower-order LiPSs (Li,S, and Li,S) from the cathode to
the anode contributes to capacity fade, and passivation on both
electrodes and reduces Coulombic efficiency (CE) thereby impeding
the cycle performance of the battery.” The intrinsic insulation
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properties of sulfur (5 x 107> S em™") and Li,S (107 S em™)
further impede efficient electron transfer, causing sluggish electro-
chemical reactions.'® Addressing these challenges necessitates the
rational design of S-hosting materials with enhanced cathode
conductivity and effective LiPS adsorption capabilities as the cath-
ode hosts exhibit strong physical and chemical interactions with
LiPSs and demonstrate improved capacity retention by mitigating
the shuttle phenomenon and enhancing redox kinetics."*

Among diverse host materials for LSBs, encompassing
various multidimensional carbon (1D CNTs, 2D graphene,
and 3D porous carbon)'? and its derivatives (acetylene black,
active carbon, and biocarbon),"? polar materials (metal oxides/
sulfides/phosphides/selenides/nitrides/bromides),"**® and poly-
meric materials (organic polymers and organic frameworks),"”'®
graphite-phase carbon nitride (g-C;N,) stands out as a promising
candidate.' It is a two-dimensional, metal-free conjugated poly-
mer semiconductor with a distinctive energy band structure and
offers promise due to its straightforward one-step polymerization
process.'*! Notably, g-C;N, exhibits a high nitrogen content of
approximately 61 wt%, predominantly in the form of pyridine
nitrogen which serves as an active site for interacting with
lithium polysulfide (LiPS), resulting in significant advance-
ments in reducing the shuttle effect and improving the anchor-
ing mechanism.?*** Leveraging these advantages, the use of
2-C3N, as the sulfur host material in LSBs holds great promise,
offering a potential and effective strategy for enhancing LSBs’
overall performance. Liu et al>! synthesized a Nb,0Os/g-C;N,
composite through electrospinning and double crucible gas—
solid reactions, finding that ultralong 1D Nb,Os nanofibers
prevent g-C3N, aggregation, forming tight heterojunctions. The
nanocomposite efficiently adsorbs polysulfide, catalyzing its
conversion, yielding an initial discharge capacity of 900 mA h g~*
at 0.5 C, with <0.1% decay after 500 cycles. Chen et al.>® created a
2-C3N, network in N, S co-doped carbonized wood fibers using an
etching induction strategy. Benefiting from a large specific surface
area and interfacial C-N-C bonds, the composite improved poly-
sulfide redox kinetics, achieving capacities of 1590.8 mA h g~ " at
0.5 C and 976.9 mA h g~ " at 2.0 C. Zou et al.*® prepared N-doped
porous carbon-coated graphitic carbon nitride heterojunction
composites. The g-C;N,/g-C3N,/C heterojunction and conductive
porous carbon served as an S host, ensuring an initial capacity
of 752 mA h g~ " at 1 C, a reversible capacity of 496 mA h g~ " after
400 cycles, and a higher rate capacity of 468 mA h g at 2 C for
Li-S batteries. Additionally, Liu et al>’ assembled graphitized
2-C3N, with highly dispersed nickel as a catalyst to accelerate
lithium polysulfide reaction kinetics. The Li-S battery exhibited a
reversible capacity of 1271.6 mA h g~ at 0.1 C, retaining 53% even
after 500 cycles at 1.0 C. While these examples underscore the
efficacy of g-C;N, as a sulfur host, the high pyridine nitrogen
content of g-C;N, alone introduces irreversibility due to its strong
affinity for Li atoms. Consequently, there is an urgent need for a
suitable counterpart material to create a heterostructured hybrid
with superior sulfur hosting performance in LSBs.

Within the intriguing 2D materials that can effectively be
embedded in the layered sheet structure of g-C3;N,, the use of
layered 2D transition metal carbide (MXene) emerges as a
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promising strategy to counter the polysulfide shuttle phenom-
enon in lithium-sulfur batteries.>®*° MXene’s attributes,
including high electronic conductivity, abundant surface func-
tional groups, and active surfaces bonding with polysulfides,
distinguish it for this purpose.’® However, the persistent issue
of anisotropy and restacking in Tiz;C, MXene nanosheets,
attributed to van der Waals interactions, poses a major
constraint observed in many 2D materials.”® This limita-
tion restricts ion accessibility to interlayer sites and hampers
the full utilization of surface areas for Li" intercalation/
de-intercalation.®® A layered heterostructured composite of
¢-C3N, and MXene is envisioned, expected to mitigate restack-
ing on MXene nanosheets and facilitate channels for Li" ion
intercalation during charge-discharge cycles.>* Additionally,
hydroxyl terminal groups on MXenes are anticipated to adsorb
LiPSs, initiating redox reactions like the Wackenroder reac-
tion.*” These reactions connect with long-chain soluble LiPSs,
forming poly-thionates and reducing them to insoluble Li,S
concurrently. These chemisorption and redox processes effec-
tively suppress the shuttle effect of LiPSs, minimizing sulfur
loss, and consequently, enhancing the cycling performance of
Li-S batteries.*?

Another prominent but less studied factor that guides the
practicality of LSBs is the performance evaluation under lean
electrolytic conditions.> Although great progress has been made
in designing LSBs with long cycle life (> 1000 cycles) and superior
rate performances (>10 C), these improvements have been
achieved with an excess electrolyte ratio (>10 uL mg~ ') which
inevitably reduces the actual energy density of LSBs.*” Therefore,
a lean electrolyte is an essential condition for practical LSBs.
To promote the development of practical LSBs, it is necessary
to meet an E/S ratio below 5.0 pL. mg™ .3 Recently, an electrolessly
developed tin-plated sulfur nanocomposite shows a high gravi-
metric capacity of 520-663 mA h g~ at a low electrolyte-to-capacity
ratio of 3.75 uL mA h™ 37 Similarly, the core-shell polysulfide/
carbon cathode with a high sulfur loading (12 mg cm ™) exhibits a
high peak charge-storage capacity (832 mA h g~), and long-term
cyclability with high capacity retention approaching (200 cycles) at
alow E/S ratio (4 pL mg ').*® Reducing the amount of electrolyte in
a battery, although inversely proportional to its energy density, can
increase battery impedance, slow redox kinetics, and decrease
sulfur utilization, eventually causing premature battery failure.
This effect is observed when the electrolyte reaches saturation
with LiPSs, leading to sulfur conversion following a quasi-solid
mechanism that limits its maximum theoretical capacity. To solve
this issue while leveraging the advantageous characteristics of
both g-C;N, and MXene, we designed a 2D/2D g-C;N,/MXene
heterostructure to serve as a sulfur host, featuring prominently
exposed active sites conducive to LiPS adsorption and catalytic
conversion. The resultant g-C;N,-Mx/S composite electrodes, inte-
grated into a pouch cell assembly, exhibited robust cycling perfor-
mance. They showcased a capacity of ~1061 mA h g~ at C/8 and
sustained ~773 mA h g™' after 190 cycles, maintaining a CE of
92.7%. Notably, under lean electrolyte conditions (~5 puL mg™ "),
the discharge capacity remained at 680 mA h g™, even at a high
rate of 1.25 C. Furthermore, the pouch cell demonstrated
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exceptional flexibility, retaining an uncompromised open circuit
voltage (OCV) even at a folding angle of 360°, underscoring its
potential applications in wearable devices.

Experimental section

Materials

Melamine (99.99%), N-methyl-2-pyrrolidone (NMP), lithium
bis(trifluoromethane) sulfonimide (LiTFSI), 1,3-dioxolane
(DOL), 1,2-dimethoxyethane (DME), and lithium nitrate (LiNO3)
were sourced from Sigma. Additional materials, including
conducting carbon (CC, Super C45), polyvinylidene fluoride
(PVDF) as the binder, Al foil (a cathode current collector), Cu
foil (an anode current collector), a tri-layered (PP/PE/PP) 25 pm
thick separator (Celgard 2325), and tabs (Al and Ni), were
obtained from MTI (USA). Pure lithium foil (100 um) as an
anode, lithium sulfide (Li,S 99.99%), and MXene (Ti;C,) were
purchased from Nanochemazone (Canada). All materials were
utilized as received without additional treatment.

Synthesis of cathode active materials

2-C3N, powder was synthesized through the thermal polymer-
ization of melamine. In a standard procedure, 5 g of melamine
underwent heating to 600 °C at a ramp rate of 5 °C min~" for
4 h in a covered ceramic crucible. Post-cooling to room tem-
perature, the resulting light-yellow solid underwent grinding,
yielding bulk g-C;N, powder. This powder was further dis-
persed in a solution of deionized water and HCI and sonicated
for 4 h to acquire protonated delaminated g-C;N, nanosheets
(NSs). Simultaneously, 0.1 g of MXene was added to a water/
ethanol mixture, subjected to sonication for 30 min, and
subsequently dried at 60 °C to eliminate residual ethanol.
To form the composite via the electrostatic self-assembly
method, 2 g of powdered g-C;N, NSs were dispersed in absolute
methanol (100 mL), followed by the addition of 20 mg of

] .
Qﬁlé Heat Delamination
———

HCI + Water

AN
® ¥ so0°c 4nr
) Sonication, 4 hr)

ng\ -

Melamine Bulke G\

g-C;N, nanosheets

View Article Online

Communication

MXene. The resulting mixture underwent sonication for 1 h
and drying at 60 °C overnight, resulting in the g-C;N,-Mx
composite. For sulfur-based composites, the powdered g-C;N,
and g-C3;N,-Mx materials were separately ground with sulfur
(3:7 weight ratio) for 1 h and subjected to heating at 160 °C
for 15 h, yielding g-C3N,/S and g-C3;N,-Mx/S composites,
respectively (Scheme 1).

Material characterization

Crystalline structures were analyzed employing a Philips P.W. 1830
powder X-ray diffractometer with a Cu Ko-ray source, scanning
within the range of 10° to 70°. The microstructure and morphology
were scrutinized using a JEOL 2010 transmission electron micro-
scope and a QUANTA FEG 250 scanning electron microscope
equipped with energy-dispersive X-ray spectroscopy (EDS). Fourier
transform infrared (FTIR) spectroscopy data were collected across
the 500-4000 cm ™" range using a Tensor 27 instrument. Raman
spectroscopy (Bruker Senterra Infinity 1) assessed carbon defects.
X-ray photoelectron spectroscopy (XPS) using a PerkinElmer Phi
5500 ESCA spectrophotometer probed the chemical and electronic
states of the surface. The Brunauer-Emmett-Teller (BET) surface
area and pore size were determined by N, adsorption/desorption
measurements (Quantachrome Nova 1200 Analyzer) following
sample degassing under vacuum at 150 °C for 2 h. The sulfur
content in composite materials was gauged through thermogravi-
metric differential scanning calorimetry (TGA, Q50) ata 5 °C min ™~
heating rate from 25 to 600 °C. Conductivity measurements utilized
sheets (10 x 20 mm) with the Ossila four-point probe technique.
The zeta potential of a dilute aqueous solution of delaminated
¢-C3N, and MXene was measured with a zeta potential analyzer
(ZetaPlus, Brookhaven Instruments Corporation).

Lithium-sulfur battery assembly

Slurry preparation. The cathode slurry consisted of
80 wt% active materials (AM: g-C;N,/S or g-C3N,-MXx/S), 10 wt%

Cathode
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Scheme 1 Schematic illustration for the synthesis of g-C3zN4-Mx/S nanocomposites and the structure of pouch cell demonstrating arrangements of

electrodes and a separator.
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conducting carbon (CC, Super C45), and a 10 wt% PVDF binder
in NMP. Slurry preparation involved ball-milling 4 g of AM with
0.5 g of CC for 30 minutes at 500 rpm. Simultaneously, 0.5 g of
PVDF was mixed with 5 mL of NMP at 50 °C until a transparent
thick viscous solution formed. The pre-mixed AM/CC was gradu-
ally added to this solution in batches, creating a uniform slurry,
and kept for stirring overnight at 40 °C. The slurry underwent
homogenization using a dual-shaft planetary mixer under vacuum
for 30 minutes to eliminate trapped air bubbles.

Electrode preparation. Electrode preparation involved coat-
ing the wet slurry onto Al foil using a tape casting machine with
a 10 cm long doctor blade at a low coating speed of 6 mm s "
and subsequent drying at 60 °C overnight under vacuum. The
resulting dried sheet underwent calendaring to enhance tap
density and eliminate vulnerable pores. Sheets were cut into
electrodes (56 mm (1) x 43 mm (w)) using a semi-automatic
slitting machine (MTI, USA), with an average areal sulfur
loading ranging from ~3.7-6.0 mg cm 2.

Pouch assembly and cell aging. In an argon-filled glove box
with H,O and O, contents maintained below 0.1 ppm, the
singly coated cathode sheets were Z-stacked with metallic Li
anode sheets (54 mm (1) x 41 mm (w)) adhered to the Cu-foil
sheet. Both the anode and the cathode were separated by a
Tri-layer (PP/PE/PP) separator (25 pm thickness, Celgard 2325).
The electrolyte, comprising 1 M LiTFSI and 2 wt% LiNO; in a
1:1 volume ratio of 1,3-dioxolane (DOL) and 1,2-dimethoxy-
ethane (DME), maintained a volume at 5 pL. mg ™" sulfur. Sealed
pouch cells underwent pressing for 2 h under an Ar atmosphere
and were subsequently transferred to a vacuum oven for 12 h at
50 °C for aging.

Electrochemical measurements. Galvanostatic charging/dis-
charging profiles for the fabricated pouch cells were obtained
using an 8-channel battery analyzer (MTI, USA) with a cut-off
voltage range set at 1.7-2.8 V. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were conducted
using an Admiral Instruments Squidstat Plus potentiostat. CV
plots encompassed a potential range of 1.6-2.8 V, employing a
scan rate that varied from 0.05 to 1 mV s~ '. EIS curves were
obtained under open circuit potential, in a frequency range of
0.5 Hz-2 mHz, with an excitation potential of 10 mV and
20 points per decade.

Polysulfide adsorption tests. The absorption characteristics
of the active material towards polysulfides were evaluated by
immersing it in a Li,Se solution, selected as the representative
of polysulfides. For Li,S¢ solution preparation, Li,S and sulfur
powders (1:5 molar ratio) were combined in a DOL and DME
solution (1:1, v/v) with vigorous stirring at 60 °C for 24 h in an
Ar-filled glovebox. The resulting Li,S¢ solution had a concen-
tration of 5 mmol L™". Before the polysulfide adsorption test,
pure g-C;N, and g-C;N,-Mx hybrids were dried at 60 °C under
vacuum for 12 h. Subsequently, g-C;N, and g-C3N,-Mx hybrids,
each weighing 20 mg, were immersed in a 5 mL of Li,Ss
solution for static adsorption over 12 h. The color variation of
the supernatant over time was observed, and the adsorption
capability of g-C3N, and g-C3N,-Mx for Li,Se was tested via UV-
vis spectroscopy. A blank Li,Ss solution served as the reference.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Active material characterization

Scheme 1 illustrates the schematic diagram of the g-C;N,/
MXene composite. Melamine, upon high-temperature calcina-
tion, undergoes thermal polymerization and cross-linking of its
monomers, resulting in the formation of bulk-layered g-C3N,.*°
Comprising continuous tri-s-triazine structural units, g-C3N,
offers numerous LiPS adsorption sites and robust anchoring for
Li,S. Ultrasonication of bulk g-C;N, for several hours enhances
interlayer spacing, enabling uniform exfoliation and dispersion
of agglomerated g-C3;N, in the polar solvent (H,0), yielding
2-C3N, nanosheets.?® Post-ultrasonic treatment reduces the
interlayer van der Waals force of g-C;N,, facilitating compound-
ing with MXene.*' The positively charged zeta potential ({) of
exfoliated g-C3;N, (+19.12 mV) tends to adsorb Ti-ions of MXene
(¢ = —23.28 mV) through electrostatic interactions (Fig. S1,
ESIT).*’ During the mixing process, the difference in the surface
charge between MXene and g-C;N, easily leads to self-assembly
by electrostatic interactions. With a high N-content (~57%)
consisting of periodic heptazine subunits that are bridged by
planar tertiary amino groups to form large in-plane pores,*> the
2D layered structure of g-C3;N, deemed highly promising
for efficient Li" intercalation (theoretical specific capacity:
~520 mA h g7, and the corresponding electrochemical reac-
tion can be presented as g-C;N, + 2Li" + 2e~ = Li,-g-C3;N,. The
resulting g-C;N,-Mx composite is then combined with sulfur,
producing the sulfur-based cathode composite termed as the
1.** Nitrogen atoms of g-C;N,, acting as a potent
polar adsorbent, effectively anchor polysulfides, mitigating the
shuttle effect in Li-S batteries, thus reducing sulfur loss and
enhancing the sulfur utilization ratio in the charge-discharge
cycling process."

In Fig. 1a, pure g-C;N, exhibits two distinct peaks at 13.2°
and 27.5°, attributed to the (100) and (002) faces of g-C;N,,
corresponding to the stacking motifs of the in-plane tri-s-
triazine structure and the planar stacking of the conjugated
aromatic system, respectively.*® The well-aligned diffraction
peaks of the orthorhombic sulfur phase (JCPDS card no. 08-
0247) in both g-C3;N,/S and g-C3N,-Mx/S confirm the crystalline
nature of sulfur within the respective host matrix.'"> The
absence of significant peaks for MXene is observed, attributed
to its lower doping and crystallinity. Chemical structure analy-
sis using FT-IR (Fig. 1b) reveals that the characteristic peak at
735 cm™ ' originates from the stretching vibration of the
heptazine ring. At the same time, bands at 1227-1521 cm ™"
correspond to the aromatic C-N stretching and CN heterocycle
stretching modes of g-C3N,.** The broad peaks in the region of
2800-3500 cm ™" are associated with the N-H characteristic
vibration of -NH, and the O-H characteristic vibration of
the remaining hydroxyl group or absorbed H,O molecules.
Additionally, the band at 2319 cm ™' corresponds to the signals
from S-H stretching modes.**

Raman spectroscopy, a non-destructive technique for
chemical analysis, provides detailed insights into the chemical
structure and molecular interactions of materials. The Raman

active materia
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Fig. 1 (a) XRD patterns, (b) FTIR spectra, and (c) Raman spectra of g-C3Ny4, g-C3N4/S, and g-C3N4-Mx/S. TEM images of (d) g-C3N4 and (e) g-C3N4-Mx/S
materials. (f) SEM images of g-C3sN4-Mx/S. (g) Color mapping of g-CsN4-Mx/S demonstrating the uniform distribution of C, N, S, and Ti elements.

spectra in Fig. 1c reveal peaks at 706, 768, and 1230 cm *,

corresponding to the breathing modes of the s-triazine ring
in g-C3N,.*° Notably, all samples display peaks at 1412 and
1570 cm ™, attributed to the d-band and G-band, respectively.
The d-band signifies disordered carbon or defects, while the
G-band reflects the stretching motion of all carbon atoms in the
aromatic ring, indicating the symmetry and graphitization
degree (sp) of the material.*® The calculated relative intensity
ratios of the d-band and G-band (Ip/Ig) for pure g-C;Ny, g-C3N,/
S, and g-C3;N,-Mx/S composites are approximately 1.02, 1.008,
and 1.0, respectively. The decreasing I'n/I ratios with sulfur and
MXene addition indicate a higher degree of crystalline graphitic
structure and improved electronic conduction,*” aligning with
the XRD pattern in Fig. 1a. For a comprehensive analysis of
material-specific surface area changes, nitrogen adsorption-
desorption experiments were conducted, and the results are
depicted in Fig. S2 (ESIt). All three materials display a small
adsorption volume at low relative pressures, a prominent H3
hysteric loop at medium relative pressures (0.30-0.80), and
a distinct upward trend (type IV) at high relative pressures
(0.90-1.0).*® These features indicate the simultaneous presence
of micropores, predominantly mesopores, and some macro-
pores in the sample. The specific surface area (SSA) of pure
g-C3N, was measured to be 65 m> g~ ' which decreases with the
addition of sulfur and an SSA of 54 m”® g~ ' was observed for the

3094 | Mater. Horiz., 2024, 11, 3090-3103

g-C3N,-Mx/S composite thus demonstrating the reduction in
the pore volume on account of further loading of other compo-
nents. The cathode host’s conductivity is crucial, considering
sulfur and its discharge products (Li,S) are insulators. In this
study, the four-point probe method revealed the conductivity
of the g-C;N4-Mx/S composite ranging between 10> and
107 S em ™', significantly higher than that of pure g-C3N,/S
materials, which falls within the range of 10> to 10" "* Sem ™.

The morphologies of the prepared active materials were
scrutinized through TEM and SEM, complemented by elemen-
tal mapping. The TEM image in Fig. 1d highlights the sheet-like
structure of g-C3;N,, signifying thermal exfoliation at 600 °C
effectively split bulk g-C;N, into small nanosheets. The TEM
image in Fig. 1e reveals that the morphology of g-C;N,-Mx/S
with the 1% content of Ti;C, MXene was not distinguished
from that of the g-C3N, nanosheets. This could be attributed to
the thin-flake morphology of both the g-C;N,-Mx/S composites
and the g-C3N, NSs, and it is hard to distinguish from the TEM
images. The SEM images in Fig. 1f illustrate the composites’
well-defined 2D layered morphology, indicating superior sulfur
dispersion in g-C3N,-Mx/S. Elemental mapping in Fig. 1g vividly
demonstrates uniform C, N, and S dispersion throughout
¢-C3N,-Mx/S, with mappings precisely conforming to sample
shapes, confirming the uniform sulfur deposition on g-C3;Nj,-
Mx surfaces. Additionally, Mx prevents agglomeration by

This journal is © The Royal Society of Chemistry 2024
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encapsulating g-C;Ny, tightly coupling them, enhancing mate-
rial dispersion, increasing the average surface roughness, and
creating a larger reaction surface area with more channels,
serving as a loading platform with N-containing functional
groups to trap sulfur particles. The highly integrated g-C;N,-
Mx/S with N-containing functional groups effectively confines
LiPS, ensuring exceptional cycling performance. To determine
the weight ratio of sulfur in the g-C3N,-Mx/S composite, TGA
analysis was performed (Fig. S3, ESIT). The weight loss in the
temperature range of 180-350 °C, attributed to the sulfur
component’s vapor, suggests a sulfur content of approximately
69.5%. This aligns with the experimentally executed mass ratio
of g-C3N,-Mx to sulfur (3:7). The high sulfur content indicates
that sulfur-rich g-C;N,-MXx/S possesses a high energy density,
particularly crucial for the cathode material of Li-S batteries.
The elemental composition and valence information of the
2-C3N,-Mx/S surface were acquired through XPS. The XPS
survey spectra in Fig. S4 (ESIt) depict peaks at approximately
162.5,226.1, 282.8, 398.1, 455.3, and 532.2 eV, corresponding to
S 2p, S 2s, C 1s, N 1s, Ti 2p, and O 1s binding energies,
respectively. The high-resolution fitted spectra in Fig. 2 for C
1s reveal five peaks: -Ti-C- (281.7 eV) and -C-C- (282.65 eV)
from external and graphitic carbon, conjugated -C—N-/-C—C-
(284.9 eV) at the heptazine unit structure’s edge, C—0 (285.9 eV)
after thermal annealing of g-C;N,, and -S-C—=N (286.9 eV) likely
originating from sulfur and nitrogen-containing heptazine rings’
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interaction (sp” bonds).*® The high-resolution XPS spectrum of N
1s exhibits four peaks: pyridinic-N (C—=N-C, 397.4 eV), pyrrolic-N
(-S-N=C-, 398.6 eV), graphitic-like N/amino N (C3-N and N-H,
401.1 eV), and oxidized-N (N-O, 404.4 eV).>° The abundant
electron-rich pyridinic N content in g-C;N,-Mx/S enhances LiPS
adsorption by providing binding sites for positively charged Li* of
LiPSs, forming Li-N interactions, hindering LiPS migration, and
further inhibiting the shuttle effect.>® The S 2p spectrum of g-C3N,-
Mx/S shows peaks at 162.1 (S 2p;,) and 163.2 eV (S 2pyp),
attributed to -S-S- bonds (Ss molecules).’>>® For Ti 2p, the
spectrum was deconvoluted into four components: peaks at
455.2 €V (Ti-C, 2ps), 456.8 €V (Ti-O, 2p;y), 459.3 eV (Ti-C, 2p; ),
and 462.1 eV (Ti-O, 2p;,). Besides N, C, S, and Ti, oxygen (O) at
531.2 eV was detected, originating from g-C;N, oxidation during heat
treatment in air.>* These oxygenated groups contribute to chemically
adsorbing sulfur, effectively preventing polysulfides from dissolving
into electrolytes.

To evaluate adsorption ability, g-C;N,, and g-C3N,-Mx mate-
rials were immersed individually in a Li,S¢ solution under
magnetic stirring (30 min) and allowed to attain equilibrium
for 24 h in an Ar-filled glove box. The adsorbents were then
retrieved, and optical photographs of the solutions were cap-
tured (the inset of Fig. 3). Remarkably, the original bright-
yellow color of the Li,Se solution becomes nearly colorless after
immersion in g-C3N,-Mx, indicating effective absorption of
most polysulfides. In contrast, pristine g-C;N, has a minimal
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(a—e) XPS spectrum showing the complete scan and the corresponding spectra for the elements present in the g-CsN4-Mx/S composite.
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Fig. 3 UV-Vis spectra for blank Li,Se and Li,Sg added with g-C3N4 and g-CzN4-Mx (after 24 h). The inset shows the digital picture of the effect of active

materials on the adsorption of LiPSs in Li,Sg solution.

effect on the color change of the Li,Ss solution. UV-vis measure-
ments for Li,S¢ reveal a strong absorption band in the 225-
325 nm region, assigned to S¢>~ polysulfide species (Fig. 3).
According to the visible color tests, g-C;N, exhibits lower
absorbance than neat Li,Ss, while g-C;N,-Mx demonstrates
the lowest absorbance, likely due to the catalytic effect from
adding MXene. This validates the robust affinity between poly-
sulfides and Ti, particularly effective in suppressing polysulfide
dissolution in the electrolyte (Sx-Ti---Li interactions).>® This
robust affinity significantly contributes to enhancing the
cycling stability of the sulfur electrode.

Electrochemical characterization

The electrochemical performance of g-C3N,/S and g-C3N,-Mx/S
was evaluated in a pouch cell configuration. In Fig. 4a, CV
curves of g-C3N,/S and g-C3N,-Mx/S composites are presented
within a voltage range of 1.6 V to 2.8 V at a sweep rate of
0.05 mV s~ ". During the cathodic scan (discharge process), two
primary reduction peaks manifest for both g-C;N,/S and
2-C3N,-Mx/S at approximately 2.3 V and 2.0 V, corresponding
to the cathodic reduction processes: the reduction of elemental
sulfur to high-order polysulfides (Sg — Li,S, (4 < x < 8)) and
the formation of Li,S,/Li,S from low-order polysulfides (Li,Sx
— Li,S,/Li,S (4 < x < 8)), respectively.”®”” In the subsequent
anodic scan (charge process), two oxidation peaks at around
2.38 and 2.45 V correspond to the inverse processes and are
associated with the oxidation of Li,S,/Li,S to long-chain poly-
sulfides (Li,S, (r > 2)) and further to sulfur. Compared to
2-C3N,/S, the primary cathodic peaks of g-C;N,-Mx/S exhibit a
slight shift to a higher reduction potential, while the anodic
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peaks shift to a lower oxidation potential. This suggests a
reduction in polarization in g-C3;N,-Mx/S, facilitating polysul-
fide conversion and improving the reversibility of the electrode
during cycling.>® Furthermore, the smaller potential difference
(AE) between cathodic and anodic peak current densities in
2-C3N,-Mx/S (0.38 V) that in g-C3N,/S (0.46 V) reflects its
improved tendency to effectively suppress the diffusion of
liquid intermediate products during CV cycles. Additionally,
during the scanning process for g-CsN,-Mx/S (Fig. 4b), the
cathodic peak position, peak current, and peak area exhibit
minimal changes over the 3 cycles, indicating superior capacity
retention and good reversibility in the cell. CV curves at various
current rates are depicted in Fig. 4c and d for g-C3N,-Mx/S and
g-C3N,/S cathodes, respectively. The cathodic processes involve
peak C1 and peak C2, attributed to Sg transformation to long-
chain LiPSs (Li,S,, 4 < n < 8) and the subsequent reduction of
long-chain LiPSs to Li,S,/Li,S, respectively.>**° The anodic
process is represented by peak Al and peak A2, corresponding
to the reverse transformation. The redox peaks at higher
current rates are very slightly broadened for both materials,
indicating slow kinetics of LiPS conversion. Overall, g-C3N,-Mx/
S exhibits higher peak current densities than g-C;N,/S, indicat-
ing enhanced Li" transportability and superior rate capability.
Both cathodic and anodic peak currents for both materials
display a linear relationship with the square root of the scan
rate (+*°), indicative of diffusion-limited discharge/charge reac-
tions (Fig. 4e-h). The Li" diffusion coefficient can be delineated
by the Randles Sevcik equation:** I, = (2.69 x 10%)-n'*.4.D%°.
Cri+*°v*®, where n is the number of charge transfers, A is the

active electrode area, D is the Li* diffusion coefficient, and Cy;+

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4mh00200h

Published on 16 April 2024. Downloaded on 3/22/2026 12:12:18 PM.

Communication

View Article Online

Materials Horizons

8
237 243V
(a)a{o—wcNomos 2 s (b)a] Cyele 15 (© —e—0.05 mV/s Al A2
2 —o—gGNyS 242V = 5] i 69 ——0.07mV/s
Cycle 2 —e—0.1mV/s
ey 21 Cycle 3rd 44 *—0.3mV/s
P 2 B *0.5mV/s
< 14 g 14 <
kS Oxidation - g
= 04 = 04 = o
= o g
1) =] 1=t
£ -1 qReduction S 14 3
3 o @)
2 y e
34 -3 4
4l 1.96 V :E\ - 5
T T T T T T T T T T T T T T T
1.6 1.8 2.0 22 2.4 26 2.8 1.6 1.8 20 2.2 24 26 28 1.6 1.8 2.0 22 24 2.6 2.8

Potential vs Li*/Li (V)

Potential vs Li*/Li (V)

Potential vs Lit/Li (V)

——0.05mV/s : g o i i
6 Al Peak C1: Sg — Li,S JPeak C2: Li,S, — Li,S,/Li,S
007 mV]s A2 il 8 29x 55 29 292/ L1y
0.1 mV/s

= 0.3 mVi/s ; 2.64 5.0
= 0.5 mV/s < <
£ 24 % 24 %4.5-
= 7 5 22 Slope =2.4 5
£ 0 e— S b %4.0-
3 \ 2.01 N -Mx/S
O ) ; \ ff fcg 0 i S;AP B § o-C,N,-Mx/S Slope = 3.4

-2 & g ]eCNMxs S & 354

c1
4 1.64 3.0
C2 1.44 o-C.N,/S 2-C3Ny/S
-6 L ) . f f — 4| T T T T 25 T T T T T T
16 18 20 22 24 26 28 02 03 04 05 06 07 02 03 04 05 06 07

Potential vs Li/Li (V)

Square root of scan rate (V/s)%3

Square root of scan rate (V/s)’>

(i)l 0 C2 (&)

Peak Al: Li,S,/Li,S — Li,Sy 6.5 Peak A2: Li,S, — Sq 50
£ =]
601 801 (=]
601 70 a
< 2 554 ]
E 551 At é 60 1 ® gCN/S i
= Slope = 5.6 = 50 83Ny °
2 50 X g & 504 ® g-CN/Mx/S =
3 ° i 3 451 ° E40] ece
g 451e-CN,Mxs Slope =4.3 = g-C,N,-My/S Slope = 3.8 N °® °,
~ ° S 404 30 - .0 °
401 ° °®
354 204 ..o
3.54 10 -
g-C3Ny/S 3.04 &-C3Ny/S
3.0 T T T T T T T T T T T T 0- T T T T T
02 03 04 05 06 07 02 03 04 05 06 07 0 10 20 30 40 50 60 70 80 90 100
Square root of scan rate (V/s)°’5 Square root of scan rate (V. /S)o.s Ze ()
Fig. 4 (a) CV profiles of g-C3N4/S and g-CzN4-Mx/S cathodes. (b) CV curves of the g-CsN4-Mx/S cathode for 3 consecutive cycles. CV curves at

different scan rates of (c) g-C3sN4-Mx/S and (d) g-C3N4/S. Plots of the peak currents versus the square root of scanning rates from CV curves of g-CzNy4-
Mx/S and g-C3N4/S cathodes for (e) peak C1, (f) peak C2, (g) peak Al, and (h) peak A2. (i) EIS spectra of the freshly prepared uncycled cell.

is the concentration of Li* in the bulk. Since n, 4, and ¢, are

I I, . . . .
constants, — oc D7, a larger — implies a higher D. This
V- W0

equation elucidates a linear relationship between the peak
current and the square root of the scanning rate, with the slope
indicative of lithium-ion diffusion.®" In g-C3N,-Mx/S, the slopes
for both reduction peaks (peaks C1 and C2) and oxidation
peaks (peaks A1 and A2) surpass those for g-C;N,/S at the same
electrode area for each sulfur reduction and oxidation reaction.
This larger slope value correlates with accelerated Li ion diffu-
sion and improved LiPS redox kinetics during discharge/charge
processes due to the presence of MXene. MXene not only
fosters LiPS transformation but also expedites rapid Li'
migration.®> EIS on the g-C3N,-Mx/S and g-C;N,/S cathodes

This journal is © The Royal Society of Chemistry 2024

further elucidated the kinetics of the electrode processes at
the electrode/electrolyte interface. As depicted in Fig. 4i, the
Nyquist plots outline three frequency regions: a high-frequency
segment indicating electrolyte resistance (R.), a middle-frequency
semicircle corresponding to charge transfer impedance (R.),
and a low-frequency spike representing Warburg impedance
(W) associated with Li* diffusion in the cathode.®*®* The
semicircle diameter and R value of the g-C;N,-Mx/S cathode
cell (34.9 Q) markedly reduced compared to those of the g-C3N,/
S cathode cell (58.3 Q), indicating diminished charge trans-
fer resistance due to enhanced electrical conductivity and
improved electrical contact upon Tiz;C, incorporation into
g-C3N,. Additionally, the R, of g-C3N,-Mx/S is 4 Q, nearly half
compared to that of g-C3N,/S (8.1 Q), affirming exceptional cell
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conductivity. This outcome underscores lower electrochemical
impedance in the g-C3N,-Mx/S host, attributed to the presence
of Ti;C, as chemically active sites that avidly adsorb LiPSs,
facilitate charge and ion transfer, and diminish electrode-
electrolyte interface resistance and charge transfer resistance.
Parameters from the Nyquist plot are detailed in Table S1
(ESIY).

The electrochemical performance of the as-prepared g-C3N,-
Mx/S and g-C3;N,/S cathodes was evaluated in pouch cell
batteries. The sulfur content in the cathodes is ~69%, and
the capacity is calculated according to the sulfur weight. The
charge-discharge voltage profiles for cells prepared by using
2-C3N,-Mx/S and g-C;N,/S cathodes at a rate of C/8 are shown in
Fig. 5a. As can be seen, two discharging voltage plateaus and
one major charging voltage plateau were observed which are
consistent with the multistep reduction of sulfur indicated by
CV curves in Fig. 4a. The polarization potential (AE), calculated
as the gap between the anode and cathode peaks, is signifi-
cantly lower for g-C3N,-Mx/S (213 mV) than that for g-C3;N,/S
(272 mV), reflecting reduced polarization in the g-C3N,-Mx/S
electrode facilitated by Ti-N active site catalysis. Additionally,
the capacity of the lower discharge plateau (Qy) and higher
discharge plateau (Qy) is calculated from discharge curves. The
higher Q./Qu signifies superior electrocatalytic activity for
polysulfides, where Qg corresponds to sulfur conversion into
high-ordered soluble polysulfides, and Qy, represents efficient
reduction of polysulfides to Li,S.°® In Fig. 5b, the capacity ratio
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(QL/Qn) of g-C3N,-Mx/S (2.12) surpasses that of g-C;N,/S (1.86),
indicating enhanced sulfur utilization owing to the presence of
a higher amount of lower ordered polysulfides and the superior
catalytic activity of Sx-Ti- - -Li in the g-C3N,-Mx/S electrode. The
charge-discharge profiles of g-C;N,-Mx/S at C/8 over 190 cycles
(Fig. 5c¢) reveal the persistent maintenance of the discharge
plateaus and charging curves, demonstrating rapid mass trans-
port and reaction kinetics. A comparison of long-term cycle
performances between g-C;N,/S and g-C;N,-Mx/S (Fig. 5d) illus-
trates initial capacity decay attributed to the activation process.
During the process of charging-discharging, the non-activated
sulfur may aggregate on the g-C;N,-Mx surface leading to the
formation of a non-stable solid electrolyte interface (SEI)
layer.®® As can be seen, the g-C;N,-Mx/S witnessed enhanced
sulfur utilization and uniform depreciation in capacity with an
initial discharge capacity of 1061 mA h g ! and a CE of 92.7%.
The capacity drops to 773 mA h g~ ' after 190 cycles with a
capacity retention ratio of 73%. In contrast, g-C;N,-Mx/S
achieves an initial discharge capacity of 749 mA h g~ for 105
cycles only. The rate performance of the pouch cells prepared
using g-C3;N,-Mx/S and g-C;N,/S cathodes in Fig. 5e indicates
higher discharge capacity for g-C;N,-Mx/S than that for g-C3N,/
S for all current rates, with g-C3N,-Mx/S recovering well at C/8
which is ascribed to the porous structures of g-C3;N, ensuring
fast Li" transportation and chemical confinement for LiPSs.%”"®®
In conjugation with results presented in Fig. 5e, the galvano-
static charge-discharge profiles at different rates (C/8 to 1.25 C)
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Fig. 5 (a) Initial charge—discharge curves of the g-C3N4/S and g-C3N4-Mx/S cathodes at C/8. (b) The capacity contributions of Q. and Qy, and the Q,/
Qy ratio of the g-C3N4-Mx/S and g-C3zN4/S at C/8. (c) Galvanostatic charge—discharge profiles of the g-C3sN4-Mx/S cathode for 190 cycles. (d) Cycle
performance and coulombic efficiency of g-CsN4/S and g-CsN4-Mx/S cathodes for 105 and 190 cycles, respectively, (e) Rate capabilities of g-C3N4/S
and g-C3N4-Mx/S cathodes at various current rates. (f) Galvanostatic charge—discharge profiles of the g-C3N4-Mx/S cathode at different current rates.
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for g-C3N,-Mx/S in Fig. 5f demonstrate excellent preservation of
discharge plateaus even at a higher rate of 1.25 C, affirming
swift mass transport and reaction kinetics. The cathode exhi-
bits high reversibility, maintaining capacities of 1013, 830, and
682 mA h g~' at C/4, 0.75 C, and 1.25 C, respectively, corres-
ponding to 95.5%, 79%, and 65% of the original capacity.

To better understand the performance of g-C3N,-Mx/S-based
LSBs, we have compared its capacity and CE with that of
commercial porous carbon-based sulfur (C/S) composites.
As can be seen in Fig. S5 (ESIt), the C/S cathode (S loading =
4.7 mg cm ?) based LSB shows an initial higher capacity
(1273 mA h g ') at C/8 than that of the g-C3N,-Mx/S cathode
(1061 mA h g~'); however, with further cycling, the capacity
decreases rapidly to 703 mA h g~ demonstrating a capacity
retention of 55.2% after the end of 125 cycles. This concludes
the fact that g-C;N, exhibited better performance as a host
material than the porous carbon because the g-C;N, possesses
an ample electron-rich pyridinic N content (Fig. 2b). In LSBs,
N-rich active sites in g-C3N, are particularly beneficial. These
sites enhance the chemical interaction between sulfur chains
and oxygen functional groups on the g-C;N, matrix during
sulfur loading, forming more thiosulfate and sulfate species
(Fig. 7c, discussed later). This promotes a uniform distribution
of sulfur in the carbon host during charge/discharge processes.
Additionally, the highly positively charged Li cations in Li,S,
can directly bind to the electron-rich pyrrolic and pyridinic
nitrogen atoms with lone pair electrons in the N-rich g-C;Ny,
leading to a Li-N interaction (Fig. 7d, discusses later) and
enhanced LiPS adsorption. Moreover, N-active sites adjacent
to oxygen functional groups improve the interaction between
the oxygen functional groups and LiPS, effectively reducing the
polysulfide shuttle.

For practical success in Li-S batteries, emphasizing high
areal sulfur loading is crucial. Hence, pouch cells with sulfur
loadings of 3.8, 4.6, and 5.9 mg cm > underwent testing
(Fig. S5, ESIf) at C/8 for the g-C3N,-Mx/S cathode. The
5.9 mg cm 2 cell exhibited the lowest initial discharge capacity
of 795 mA h g~" (CE of 83.2%), reducing to 573 mA h g~ " after
190 cycles with a 72% retention rate. In the case of mild sulfur
doping (3.8 and 4.6 mg cm ?), the cycled Li is a negligible
fraction of the entire Li anode and the stripping/plating beha-
vior is relatively facile at an electrolyte dosage of 5 uL. mg ™", due
to which the cell performance, including capacity, CE, and cycle
life, is less affected by the Li anode. However, at a high sulfur
loading (5.9 mg cm™?), the Li plating process is not as mild
owing to the depleted electrolyte,®® which causes a decrease in
the battery capacity due to the inevitable ‘“shuttle effect”. The
results highlight the g-C;N,-Mx/S’s outstanding electrochemi-
cal performance under high-loading (4.6 mg cm ?) and lean
electrolyte (5 pL mg~') conditions, showcasing robust LiPS
inhibition and accelerated kinetic conversion for enhanced
sulfur utilization.

Comparisons with other pouch cells (Table S2, ESIt) demon-
strated that the g-C;N,-Mx/S cathode outperforms most pre-
viously reported cathodes. The exceptional electrochemical
performance of the integrated 2D/2D structure, consisting of

This journal is © The Royal Society of Chemistry 2024
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¢-C3N,/MXene nanosheets, arises from several key factors.
Primarily, this structure facilitates faster electron transport
during charge/discharge cycles and ensures a homoge-
neous distribution of sulfur between the g-C;N, and MXene
nanosheets, thereby enabling high sulfur utilization. Further-
more, the 2D structure of the g-C;N, nanosheets prevents the
stacking of MXene layers, creating additional active sites for
polysulfide adsorption during the charge-discharge process.
MXene also enhances the charge transfer process within
g-C3Ny, catalyzing the conversion of polysulfides. Additionally,
the hydrophilic and polar nature of MXene prevents the stack-
ing of g-C;N,, promoting an even distribution of components
and effectively trapping polysulfides, suppressing the ‘“shuttle
effect”, respectively. To showcase the superior mechanical
flexibility of the designed g-C;N4-MXx/S electrodes, various fold-
ing angles for pouch cells were tested. Fig. 6 reveals impressive
open circuit voltage (OCV) stability at 2.3 V, successfully power-
ing the red LED bulb formation of “LIS” at varying bending
angles, with no discernible change in LED brightness or OCV
readings at horizontal (90°), vertical (180°), or crumpled (360°)
bending angles, demonstrating favorable electrical perfor-
mance for practical utility in wearable and portable electronic
device applications.

Postmortem analysis

To understand the electrochemical kinetics of the cathodes
after cycling, the EIS spectra of the cycled cell after the 190™
cycle (g-C3N4-Mx/S) and 105™ cycle (g-C3N4/S) at C/8 were
recorded (Fig. S6, ESIt). Post-cycling, the R. of the g-C;N,-Mx/
S cathode cell increased from 4 to 4.9 Q, markedly lower than
that of the g-C3N,/S cathode cell (rising from 8.1 to 8.6 Q),
indicating restrained polysulfide diffusion from g-C;N,-Mx/S.
Additionally, the reduced R, for both cells (Table S1, ESIt) post-
cycling implies enhanced electrolyte penetration, shortening
charge, and ion transport paths.”®”* The impedance spectra
affirm that the 2D/2D g-C3;N,-Mx/S enhances sulfur cathode
conductivity and mitigates the shuttle effect by retaining more
polysulfides within the cathode. The lithiation mechanism of
the g-C3N,-Mx/S cathode was further explored through XPS
analysis post the 190" discharge cycle. The pouch cell was torn
down in an argon-filled glovebox, and a 10 mm Xx 10 mm
segment of the g-C;N,-Mx/S cathode was cut, washed with
DME, and kept for overnight drying before XPS measurements.
The XPS complete survey scan in Fig. S7 (ESIt) exhibits well-
defined peaks and some new bond formations for C, N, S, Ti,
and O, consistent with the pure active material, while addi-
tional elements (Li and F) were also observed. In Fig. 7, for the
C 1s spectra, peaks at 283.5 eV, 284.7, 287.2, and 289.4 eV
corresponded to -C-C, -C=N-/-C=C-, C=0, and -S-C—=N,
mirroring the active material C 1s spectra in Fig. 2. However, a
new peak at 291.5 eV, representing -C-F- due to electrolyte
passivation, emerged. Deconvoluting the N 1s spectra revealed
peaks at 397.7 eV for pyridinic-like N (-C—=N-) in the g-C3N,
structure, 399.5 eV for -S-N—C-, and 403.2 for oxidized N
(N-0).”> The 396.5 eV peak confirmed Li-N bond formation
during cathode lithiation, contributing to lithium storage.”®
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Fig. 6 Upper row: digital pictures of the OCV for the pouch cell consisting of
of LEDs lighten up by a pouch cell at different folding angles demonstrating

the g-C3N4-Mx/S cathode at different folding angles. Bottom row: pictures
the excellent flexible feature of the developed pouch cell.
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Fig. 7

Additionally, the 406.5 eV peak indicated the nitrate (NO;")
presence on the cathode, formed by LiNO; reduction during
cycling.”® For S 2p, various new reduction products and inter-
mediates were identified after cycling including sulfites at
166.3 eV, and S-F bonds at 168.3 eV.”* Compared to the
S-spectra in Fig. 2, more sulfates were observed in the cycled
cathode which could be a result of oxidized S-species (O-S)
from the reaction between LiPSs and oxygen species. The O-S
bond surfaced due to sulfate species interacting with residual
oxygen-containing species, and the S-F bond indicated a

3100 | Mater. Horiz., 2024, 11, 3090-3103

Binding energy (eV)

(a—f) XPS spectra of the g-C3N4-Mx/S cathode obtained from the pouch cell cycled for 190 charge—discharge cycles.

covalent interaction between F-containing electrolytes and
polysulfides.”” Besides, the doublet peaks at around 163 eV in
Fig. 2 for elemental sulfur were shortened in the cycled cell
which could be due to the presence of a partial amount of
‘dead’ sulfur on the cathode after 190 cycles.”® The Ti 2p
spectrum was deconvoluted into four components and the
peaks at 455.4 eV (Ti-C, 2psp), 456.7 eV (Ti-O, 2psp),
459.1 eV (Ti-C, 2py/2), and 461.9 eV (Ti-O, 2py,,) are aligned
well to the spectrum in Fig. 2. In Li 1s spectra, peaks at 53.9,
54.9, 55.6, and 56.6 denoted Li-C, Li-S, Li-N, and Li-O bond
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formations, signifying the C—=N bond involvement in lithium
storage in addition to Li-S bonds during discharge.**””"® F 1s
peaks at 684.4 and 687.6 eV reflected the electrolyte and PVDF
passivation, suggesting an interaction between the electrolyte
and g-C3N,-Mx/S during cycling. Overall, the XPS analysis of the
cycled cell affirmed polysulfide adsorption on the g-C3N,-Mx/S
surface.

Conclusions

In summary, we synthesized a novel heterostructure compris-
ing 2D g-C3;N, nanosheets and 2D Ti;C, MXene to serve as a
host matrix for a sulfur cathode in Li-S pouch cells. Analytical
findings reveal the g-C;N,-Mx/S composite’s elevated pyridine
N content, fostering robust interactions with LiPSs. The
presence of Ti*" ions functions as catalytic sites (Sx-Ti- - -Li)
for effectively grafting the LiPSs, accelerating conversion
kinetics and suppressing the shuttle effect, thereby enhancing
electrochemical performance in Li-S batteries. The g-C;N,-Mx/
S electrode exhibits outstanding performance, achieving a
discharge capacity of 1061 mA h g~ ' at C/8 with excellent
high-rate and long-term cycling stability (73% capacity reten-
tion after 190 cycles). It attains a high initial discharge capacity
of 795 mA h g~" at a high sulfur loading of 5.9 mg cm ™ after
190 cycles (a CE of 83.2%), with a retention rate of 72%.
Postmortem XPS and EIS analyses further support the cell’s
excellent performance by revealing new bond formations and
changes in cell resistance. Postmortem XPS investigations
indicate a significant reduction in the binding energy peaks
of elemental Sg, suggesting the accumulation of dead sulfur on
the cathode side during cycling. These outcomes illustrate that
2-C3N,-Mx/S heterostructures serve as multifunctional polysul-
fide mediators, chemically adsorbing LiPS, accelerating Li-ion
diffusion, catalyzing LiPS conversion, and lowering the energy
barrier for Li,S precipitation/decomposition. This realization of
the “adsorption-diffusion-conversion” of polysulfides ensures
prolonged cycling life and high-rate capability.
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