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Ruddlesden—Popper Y,Ti>,O5S,/SWCNT composite
anode: durable cycling and ultrafast lithium-ion
storage for hybrid supercapacitors
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Y,TiOsS, (YTOS) is a unique cation-deficient Ruddlesden—Popper structured material composed of
alternating perovskite-like slabs (TiOsS octahedra) and rock-salt [Y,S,1%* layers. Despite its potential for
lithium-ion storage, research on YTOS as an energy storage material remains limited, underscoring its
novelty and unexplored capabilities. The addition of 1 wt% single-walled carbon nanotubes (SWCNTs)
significantly improved the electrochemical performance of YTOS, resulting in enhanced capacity,
superior output characteristics, and improved cycle stability compared to the pristine material. The
resulting composite demonstrates superior rate capability (up to 230C) and outstanding cycleability,
retaining 95% of its capacity even after 1000 cycles. Operando XRD and Ti K-edge XAFS analyses reveal
fully reversible orthorhombic-tetragonal phase transitions and stable Ti**/Ti** redox activity during 500
cycles, while unchanged Y K-edge spectra confirm the structural stability conferred by the yttrium
sublattice. Hybrid supercapacitor full cell assemblies with activated carbon (YTOS||AC) display minimal
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. high-power capability. This work presents a promising approach for developing high-performance
DOI-10.1039/d5ta05379] energy storage materials, as the YTOS anode offers both high energy density and excellent cycle life,
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Introduction

Y,Ti,05S, (YTOS) is an n = 2 Ruddlesden-Popper (RP)-type
layered oxysulfide, commonly acknowledged as a cation-
deficient or empty perovskite material."® The crystal structure
of RP is composed of alternating AB-stacking layers: perovskite-
like slabs formed by corner-sharing TiOsS octahedra (A) and
rock-salt-type [Y,S,]*" layers (B)** (Fig. S1). This layered archi-
tecture forms a highly ordered two-dimensional framework for
lithium ion (Li") conduction. The central [TiOsS] octahedral
layer creates interconnected diffusion channels for Li" transport
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making it an excellent candidate for advanced lithium-ion batteries and hybrid supercapacitors.

as well as electronic conduction, while yttrium atoms are 9-fold
coordinated with four oxygen and five sulfur atoms, contrib-
uting to structural robustness.>*® Unlike traditional perovskite
oxides, the cation-deficient layered nature of YTOS facilitates
ionic diffusion.® Additionally, the presence of sulfur in the
structure modifies the electronic environment, potentially
improving its in-plane electrical conductivity.”® These features
suggest that YTOS could be a promising candidate for energy
storage, especially as an anode material for lithium-ion
batteries and hybrid supercapacitors.

Early topochemical studies led by Simon J. Clarke established
chemistry-dependent alkali-ion insertion in YTOS; first Na', later
Na'/K",!® and subsequently Li*.* Hyett et al. chemically introduced
Li" into the YTOS lattice and, using neutron diffraction, demon-
strated that Li" occupies square-planar, 4-coordinated oxygen sites
(LiO,) rather than the sterically unfavorable 12-coordinate sites
(LiOgS,) associated with the cation-deficient framework.* In
comparison, Na chemically inserts either into the YOsS slabs (-
phase, at 600 °C via Na vapor) or the Y,S, rock-salt layers (B-phase,
at <50 °C via Na naphthalide in THF), while K inserts exclusively
into the rock-salt layers over a broad temperature range (—78 °C to
400 °C). Unlike Na" and K, Li" intercalates reversibly into the YO5S
perovskite slabs owing to its smaller ionic size. Electrochemical
study reported by Oki et al.™ in 2015 further demonstrated the
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reversible, stepwise Li' intercalation, manifested as multiple
potential plateaus between 1.5 and 0.1 V vs. Li/Li*. These plateaus
arise from sequential Ti**/Ti*" redox steps, yielding an average
operating potential of ca. 0.8 V vs. Li/Li" and a theoretical capacity
of 128 mA h g~ . In 2021, McColl et al.? substantiated the previous
findings through DFT and ab initio molecular dynamics, revealing
that Li" is thermodynamically stabilized at the square-planar LiO,
sites, while migration proceeds through transient occupation of
the 12-coordinated LiOgS, sites. This pathway yields low migration
barriers (20-64 meV), markedly smaller than those of typical Ti-
based intercalation materials such as Li TisO;, (LTO, 200-600
meV),">** thereby enabling rapid two-dimensional transport within
the TiOsS slabs, even in micron-scaled particles. It was also
exemplified that increasing Li' content (x > 1 in Li,Y,Ti,05S,)
significantly enhances the electrical conductivity: from ca. 5
mS cm " at x = 0.2 to 50 mS em ™" at x = 2.0."* This increase in
conductivity is accompanied by a transition of metallic behavior,
evidenced by Pauli paramagnetism observed between 5 and 300
K,* as supported by DFT calculations.>* Moreover, recent ex situ/in
situ X-ray diffraction has uncovered a reversible two-phase reaction
between the tetragonal (I4/mmm) and orthorhombic (Immm) pha-
ses at the 0.30-0.35 V plateau, with <5% unit-cell volume change.**

Despite its promising characteristics—particularly high
ionic and electronic conductivity—research on the high-rate
electrochemical performance of YTOS remains limited. This
gap in the literature highlights both the novelty of YTOS and its
significant untapped potential for use in advanced energy
storage systems. The unique crystal structure and mixed
conduction pathways of YTOS make it a strong candidate for
high-power applications, but fundamental challenges in real-
izing its full potential remain. These include issues related to
long-term cycling stability and the lack of well-optimized elec-
trode fabrication methods that can preserve its intrinsic
properties.

In this study, we address these critical challenges through
a comprehensive investigation of the electrochemical behavior
of bulk YTOS, with particular focus on engineering strategies
that avoid nanosizing. To probe the intrinsic ionic transport
characteristics, we employ cavity microelectrode analysis, which
allows for localized electrochemical measurements within
a well-defined microstructure. This technique provides valuable
insight into ion mobility and reaction kinetics, enabling us to
assess YTOS performance independent of extrinsic factors such
as particle size and surface area modifications. Rather than
relying on nanoscale engineering to enhance performance, our
approach emphasizes the optimization of electrode design.
Single-walled carbon nanotubes (SWCNTs) are introduced as
high-efficiency conductive additives to facilitate electronic
percolation throughout the electrode matrix. Furthermore,
a customized binder system based on a carboxymethyl cellu-
lose-styrene butadiene rubber (CMC-SBR) formulation is
employed to ensure mechanical integrity and uniform disper-
sion of active materials during cycling. This integrated strategy
enables a clearer understanding of the intrinsic limitations and
potential of YTOS as an energy storage material without exten-
sive nano-structuring.
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Experimental

Y,Ti,O5S, was synthesized by a solid-state reaction (Fig. 1
[Left]). Titanium metal, sulfur, rutile-type titanium dioxide
(TiO,), and yttrium oxide (Y,Oj3), all obtained from Kojundo
Chemical (99.9%), were used as precursor materials. To prevent
contamination and oxidation, all handling of precursor mate-
rials, including weighing, mixing, and pelletizing, was per-
formed within a glove box under an inert gas atmosphere. TiS,
was first synthesized by heat-treating a mixture of Ti and S in
vacuo at 600 °C for 96 h. Subsequently, all raw materials for
YTOS were mixed in a molar ratio of Y,05 : TiO, : TiS, = 1.000:
0.975:1.025 to compensate for sulfur loss during the high-
temperature synthesis. Before pelletization, the commercial
TiO, and Y,0; powders were pre-dried in vacuo at 120 °C for 24 h
in the glove box to remove residual moisture that could other-
wise interfere with the reaction and lead to phase impurities.
The homogenized powder mixture was then pressed into pellets
to ensure uniform reaction during the subsequent sintering
process. The pellets were then placed into an acid-proof diges-
tion vessel and vacuum-sealed at approximately 30 Pa to mini-
mize sulfur loss and ensure a controlled reaction environment.
The reaction proceeded in an electric furnace with a controlled
heating program. The temperature was initially increased at
a rate of 12 °C h™' to allow slow diffusion of reactants, pre-
venting the formation of undesirable intermediate phases. At
a later stage, the ramping rate was increased to 100 °C h™* to
promote efficient phase transformation. After reaching the
target temperature, the sample was held at high temperature
(1100 °C) for a sufficient duration (96 h) to ensure complete
reaction to promote S/O exchange and long-range ordering of
the RP framework. The sintering process to obtain YTOS gave
97.1% yield, while TiS, synthesis gave 95.2% yield, calculated as
isolated product mass over theoretical stoichiometric mass.

The synthesized material and electrodes were characterized
using several techniques. X-ray diffraction (XRD) measurements
were performed using a Rigaku Smart Lab system to analyze the
crystallographic structure. X-ray photoelectron spectroscopy
(XPS) was conducted using a JEOL JPS-9020 to study surface
composition and chemical states. Transmission electron
microscopy (TEM) was carried out using a Hitachi H-9500 to
observe the microstructure at high resolution. The surface
morphology and elemental distribution were examined using
a Hitachi S-5500 scanning electron microscope (SEM) and
a Hitachi HD-2700 scanning transmission electron microscope
(STEM). Thermogravimetric-differential thermal analysis (TG-
DTA) was performed with an EXTRA TG/DTA6000 (SII Nano-
Technology) to investigate thermal stability and phase transi-
tions. The electrochemical performance of the synthesized
material was evaluated using a charge/discharge system
(Hokuto Denko SD8) for constant current charge/discharge
modes and an ALS660A electrochemical analyzer (BAS) and
VSP-300 Potentiostat (Biologic) for cyclic voltammetry.

For electrode fabrication, poly(vinylidene difluoride) (PVdF
9305, Kureha Corp.), carboxymethyl cellulose (CMC Celogen
WS-C, DKS Corp.), and styrene-butadiene rubber (SBR TRD-

This journal is © The Royal Society of Chemistry 2025
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ins with a carefully prepared precursor mixture of TiO,, TiS,, and Y,0s,
zed under high pressure. The resulting pellets are then vacuum sealed in

a quartz tube to maintain a controlled atmosphere and prevent contamination. The sealed tube is subsequently sintered at 1100 °C for 96 h,
allowing the solid-state reaction to proceed and yielding yellow-colored YTOS pellets with a well-ctstallized structure. [Right] XRD patterns of
the synthesized YTOS, confirming its phase purity and crystallographic structure. The major diffraction peaks correspond to the reference pattern
for YTOS (I4/mmm), verifying a tetragonal lattice with refined lattice constants of a = 3.777 A and ¢ = 22.78 A. A minor impurity phase, Y,Ti»O>, is
also detected (denoted by asterisks), suggesting a slight loss of sulfur (S) atoms from the YTOS crystal structure. This minor deviation may result
from sulfur volatility or slight variations in synthesis conditions. Despite this, the predominant presence of the YTOS phase indicates the
successful formation of the target material, highlighting its structural integrity and potential for further investigation.

2001, JSR Corp.) were used as binders. The YTOS was mixed
with these binders of CMC (2.5 wt%)-SBR (2.5 wt%), 20 wt% of
conductive additives (acetylene black: AB) with or without 1 wt%
of SWCNTs (TUBALL, Kusumoto Chemicals) to form a uniform
slurry, which was coated onto carbon-coated copper foil (8 pm),
supplied by Nippon Graphite. The coated electrodes were then
vacuum dried and processed for electrochemical testing. The
loading mass of electrodes were controlled to be 1.5-2.0 mg
em™> The coated YTOS electrodes were assembled with Li
metal in CR2032-type coin cells. The electrolyte was 1 M lithium
tetrafluoroborate (LiBF,) in a mixture of ethylene carbonate and
dimethyl carbonate (EC:DMC = 1:1 in vol%), battery grade
(Kishida Chemical), a commonly used system noted for its high
moisture stability. This choice is especially relevant for hybrid
capacitor cells employing activated carbon (AC) positive elec-
trodes in hybrid capacitor configurations, which typically retain
trace adsorbed water (~50 ppm)" that can otherwise trigger the
electrolyte degradation. Cycling tests were performed within
a potential window of 0.1-2.0 V vs. Li/Li". For laminate-type
hybrid supercapacitors, the YTOS negative electrode was
paired with an AC (YP-50, Kuraray) positive electrodes (AC: AB:
PVdF = 7.5:1.5: 1) coated on carbon-coated aluminum foil (20
pm, Nippon Graphite). A negative-to-positive (N/P) electrode
mass ratio of 2 : 1 was applied to optimize the balance.

Results and discussion

The crystal structure of the synthesized YTOS material was first
evaluated by XRD patterns as shown in Fig. 1 [Right]. The major
diffraction peaks observed in the XRD patterns were

This journal is © The Royal Society of Chemistry 2025

successfully indexed to the simulated XRD patterns of YTOS (14/
mmm), as previously reported by Hyett et al.,* with refined cell
parameters a = 3.777 A and ¢ = 22.78 A consistent with reported
ones (a = 3.763-3.780 A, ¢ = 22.73-22.82 A).>' In addition to the
primary peaks corresponding to the YTOS phase, minor peaks
are also detected in the XRD patterns. These minor peaks
correspond to trace amounts of the impurity phase Y,Ti,O,
formed during the synthesis process. Nonetheless, the overall
purity of the synthesized YTOS material is still considered high,
and the presence of this minor impurity may not significantly
detract from the material's performance. The thermogravi-
metric (TG) curve of YTOS under N, (Fig. S2) demonstrates
excellent thermal stability up to 700 °C, with the weight
remaining essentially constant in the 200-700 °C range. This
stable plateau confirms the robustness of the layered RP
framework and the absence of volatile species or structural
decomposition under these conditions. Above 700 °C, a gradual
mass loss is observed, suggesting the onset of sulfur volatili-
zation and partial destabilization of the sulfide-oxide lattice.
Beyond 1000 °C, the TG profile shows an abrupt weight drop,
which we attribute to extensive sulfur vaporization and the
subsequent collapse of the layered sulfide structure into the
oxide phase Y,Ti,O; (see inset in Fig. S2). These results clarify
the intrinsic thermal stability limits of synthesized YTOS near
700 °C: the structure remained essentially intact below this
temperature, while sulfur volatilization and subsequent phase
transformation emerged at higher temperature.

The morphology and size distribution of the synthesized
YTOS particles were investigated using scanning electron
microscopy (SEM) and dynamic light scattering (DLS) analysis.

J. Mater. Chem. A, 2025, 13, 40337-40348 | 40339
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Fig. 2 Scanning electron microscopy (SEM) images of the synthesized Y,Ti,OsS, (YTOS) particles, showing their characteristic plate-like
morphology. The observed particle sizes range from approximately 0.5 to 3 um, with relatively uniform distribution. The individual particles
appear well-defined, with minimal agglomeration, suggesting that the synthesis process successfully yielded distinct YTOS crystallites. The plate-
like structure may be indicative of anisotropic growth tendencies, potentially influenced by the layered nature of the material or the conditions
employed during synthesis. [Inset] Particle size distribution analysis of YTOS dispersed in distilled water, indicating that, in the absence of
ultrasonication, some particle clusters exceed 30 um in size, likely due to mild aggregation effects. However, after subjecting the dispersion to
ultrasonication, the overall particle size distribution shifts toward smaller values, aligning well with the size range observed in the SEM images.
This reduction in larger particle sizes suggests that the weakly aggregated YTOS particles readily separate under ultrasonic treatment, further

confirming the relatively loose interparticle interactions.

SEM imaging, as shown in Fig. 2, reveals that the YTOS particles
exhibit a characteristic plate-like morphology, indicative of
a layered structure, with particle sizes ranging from approxi-
mately 0.3 to 3 um. DLS analysis of the aqueous YTOS disper-
sion (Fig. 2 inset) shows a slightly broader size distribution (0.3-
10 um) compared to that observed in the SEM image, reflecting
moderate agglomeration of 3-4 primary particles in the
dispersed state. Despite the aggregation observed in dispersion,
both techniques consistently confirm that the primary YTOS
particles are in the micrometer range. The anisotropic plate-like
shape observed by SEM likely originates from the intrinsic
layered structure of YTOS. Notably, the obtained c-axis lattice
parameter of the synthesized YTOS (¢ = 22.78 A) is much
smaller compared to the simulated (¢ = 28.20 A)> and experi-
mentally reported values for YTOS samples synthesized below
800 °C (¢ = 29.18-29.62 A).'* This pronounced structural
anisotropy arises from the intrinsic layered nature of YTOS,
which crystallizes in the tetragonal I4/mmm space group. The
crystal architecture features alternating [Y,S,]** rock-salt-type
layers and [TiOsS] perovskite-like slabs stacked along the c-
axis. Such an interlayered framework can hinder ion mobility
along the c-axis under synthetic conditions, thereby imposing
structural constraints on crystal growth in that direction. In

40340 | J Mater. Chem. A, 2025, 13, 40337-40348

contrast, the continuous network of corner-sharing TiOg octa-
hedra within the (a-b) plane facilitates lateral expansion.
Consequently, crystal growth predominantly proceeds within
the (a-b) plane, yielding well-defined plate-like or rectangular
prismatic morphologies characterized by a compressed c-axis
compared to the theoretical value. The markedly shortened c-
axis parameter observed in the present sample synthesized at
1100 °C is therefore consistent with this two-dimensional
growth tendency governed by the layered YTOS framework.
The schematic crystal structure of YTOS, depicted in Fig. 3,
elucidates its unique atomic layering, comprising alternately
stacked perovskite-like slabs and rock-salt-type layers, each
contributing distinctively to the material's transport properties.
The perovskite-like slabs serve as primary pathways for ionic
conduction, facilitating the migration of charge carriers such as
lithium ions. Within these layers, Ti ions are coordinated in
distorted TiOsS octahedra. The Ti-S bond, with a length of
approximately 2.89 A, is significantly longer than the Ti-O
bonds (~1.81 A), reflecting reduced orbital overlap between Ti
d- and S p-orbitals. This weakened out-of-plane interaction
likely hinders electron transport along the c-axis, resulting in
pronounced electronic anisotropy.>”'” Conversely, although the
Ti-O bond is formally more ionic than the Ti-S bond due to the

This journal is © The Royal Society of Chemistry 2025
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[Left] High-resolution transmission electron microscopy (HRTEM) images of YTOS crystals, showcasing well-defined lattice fringes

corresponding to the (002) plane. [Right] A magnified view of the selected area (highlighted by the yellow square), where the clear visibility of
these fringes confirms the high crystallinity of the synthesized YTOS and provides insight into its atomic-scale structural arrangement. [Inset] A
schematic representation of the YTOS crystal structure, depicting alternately stacked perovskite-like slabs and rock-salt layers. The perovskite
phase, which contains the ion-conducting layers, is interspersed with rock-salt layers that primarily facilitate electronic conduction.

larger electronegativity difference between Ti and O, the Ti-O
network within the a-b plane exhibits stronger orbital overlap
and shorter bond distances. These features promote more
effective electron delocalization in-plane. Electronic localiza-
tion function analyses,'® support a delocalized, gas-like electron
distribution confined within the [TiOsS] perovskite-like slabs,
indicative of a structure that favors lateral charge transport. The
synergistic contribution of these structural elements imparts
YTOS with both high ionic conductivity and directionally
enhanced electronic conductivity—key features for dual-
function electrode materials.

To further validate the structural composition and elemental
distribution of YTOS, scanning transmission electron micros-
copy (STEM) coupled with elemental mapping (Fig. S3) was
employed. The elemental maps confirm the successful incor-
poration of oxygen (O), sulfur (S), titanium (Ti), and yttrium (Y)
within the crystal lattice. The corresponding elemental maps
exhibit a homogeneous spatial distribution of these constituent
elements, supporting the presence of an ordered, alternating
arrangement of rock-salt layers and perovskite-like slabs.

Electrochemical performance

To evaluate the electrochemical performance of YTOS, galva-
nostatic charge-discharge cycling tests were conducted. A
comparative analysis was carried out between two electrode
configurations: one containing SWCNTs as a conductive addi-
tive and one without. Two XPS spectra for YTOS with (blue) and
without SWCNT (red) shown in Fig. S4 exhibit an almost
complete overlap, indicating that the overall surface chemical
environments are essentially identical. The only differences are
the additional peaks that can be attributed to the binders
employed: CMC-SBR in combination with SWCNTs in one case,
and PVdF without SWCNTs in the other. These binder-related
features account for the minor deviations observed, while the

This journal is © The Royal Society of Chemistry 2025

active material itself remains chemically indistinguishable
between the two electrodes. The impact of SWCNTSs in miti-
gating resistive losses and enhancing isotropic electron trans-
port was assessed by monitoring changes in specific capacity,
rate performance, and cycle stability. The incorporation of
SWCNTs was anticipated to improve electronic conductivity by
promoting more efficient electron percolation and uniform
charge distribution within the electrode matrix. As shown in the
inset of Fig. 4 [Left], at a current density of 0.1 A g, the YTOS
electrode containing 1 wt% SWCNT delivered a specific capacity
of 112 mA h g ' per electrode. This corresponds to the
121 mA h g~" per YTOS after subtracting the capacity contri-
bution from conductive agents (AB and SWCNT), which is
approximately 95% of the theoretical capacity (128 mA h g™ ")
and consistent with reported values (126-128 mA h g™ ) in prior
studies."* This high utilization indicates that the presence of
minute impurity (Yi,Ti,O;) detected in XRD patterns (Fig. 1
[Right]) has a negligible effect on the electrochemical perfor-
mance of the YTOS anode.

To assess the rate capability of YTOS, the cells were subjected
to galvanostatic cycling at various current densities ranging
from 0.1 to 30 A g ', corresponding to C-rates from approxi-
mately 0.8C to over 200C as shown in Fig. 4 [Left]. Analysis of the
specific capacity retention at increasing delithiation rates
provided insights into the kinetic limitations of lithium trans-
port. Remarkably, even without SWCNTs, the YTOS/AB elec-
trode (80:20 wt%) retained over 80% of its initial capacity at
20 A g ' (~150C) compared to 0.1 A g~ *. Upon incorporation of
1 wt% SWCNTs, the C-rate capability was further enhanced,
achieving ~90% capacity retention at 30 A g (~230C). This
exceptional high-rate performance underscores the rapid
lithium-ion diffusion and low charge-transfer resistance within
the YTOS structure.

Long-term galvanostatic cycling tests were carried out to
assess the durability of the YTOS anode under extended charge-

J. Mater. Chem. A, 2025, 13, 40337-40348 | 40341
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[Left] Discharge rate capability and [Right] cycling performance of the YTOS electrode with or without 1 wt% SWCNT. The electrochemical

performance was evaluated using 2032-coin cells in a Li/YTOS half-cell configuration, employing 1 M LiBF, in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (50 : 50 in vol%) as the electrolyte. Discharge capacity is presented per unit electrode weight. To assess the rate
capability, the cells were subjected to a range of discharge rates, with current densities varying from 0.1 to 30 A g . [Left inset] Discharge curves
for YTOS/AB/SWCNT (79/20/1 in wt%) electrode with current densities varying from 0.1 to 30 A g%, The cycling performance (3.2C/3.2C, i.e. 0.4/
0.4 A g~1) was examined up to 1000 cycles to investigate long-term stability, capacity retention, and the overall electrochemical durability of the
YTOS electrode. Throughout the experiments, the voltage range was maintained between 0.1 and 2.0 V to ensure consistent electrochemical
evaluation. This window was selected to facilitate lithium insertion/extraction reactions while minimizing side reactions that could negatively
impact performance. [Right inset] Representative charge discharge curves for the Li||YTOS/AB/SWCNT (79/20/1 in wt%) cell from 1st to 1000th

cycle.

discharge operation (Fig. 4 [Right]). The evolution of capacity
with cycle number was monitored to evaluate electrochemical
stability and structural resilience. While the RP-type layered
framework of YTOS is generally regarded as structurally robust
due to its alternating perovskite-like slabs and rock-salt layers,
the Ti-S bonds—being longer than the Ti-O bonds—represent
a relative point of fragility within the lattice.'® In the absence of
SWCNTs, the electrode exhibited significant capacity fading,
retaining only 50% of its initial capacity after 1000 cycles,
accompanied by a gradual loss of plateau-like regions in charge
discharge curves from the 200th cycle (see also Fig. S5). In
contrast, the incorporation of 1 wt% SWCNT dramatically
enhanced cycling performance, resulting in 95% capacity
retention after 1000 cycles without increase in overvoltage in
charge discharge curves (see the inset of Fig. 4 [Right]). This
high durability is consistent with the XRD patterns recorded
before and after 500 cycles (Fig. S6), which indicate the
preserved crystallinity of YTOS. These results underscore the
importance of incorporating long-aspect-ratio conductive
additives such as SWCNT in mitigating resistive losses and
maintaining continuous electron transport—particularly in
layered materials like YTOS, where intrinsic anisotropy governs

40342 | J Mater. Chem. A, 2025, 13, 40337-40348

electronic conduction especially in micron-sized particles. To
further assess stability under open-circuit conditions, we
examined the voltage-relaxation segments in our GITT protocol.
After each pulse, the cell rests at open circuit; once the ohmic/
concentration drop decays, any residual drift mainly reflects
parasitic leakage. As shown in Fig. S7, the voltage stabilizes
within a few millivolts (~10 mV) and remains flat during the
rest intervals, with nearly identical charge and discharge
relaxations. This indicates very low self-discharge and a stable
interface, consistent with the high coulombic efficiency and
long-term retention described above. A literature comparison of
the electrochemical performance of YTOS-based anodes for Li"
storage is summarized in Table S1. Our YTOS/AB/SWCNT (79/
20/1) electrode at decent loading (1.5-2.0 mg cm™?) operates
up to 230C (30 A g~ ") while retaining ~90% of 0.8C capacity.
Cycling stability is also superior: 95% retention after 1000 cycles
at 3.2C/3.2C, compared with 71% after 800 cycles at 0.5C/0.5C
(Takada et al)" and only 30 cycles at 0.02C (Oki et al.).**
Collectively, these results establish ultrahigh-C-rate operation
(230C) and long-term durability (1000 cycles) not previously
demonstrated for YTOS.

This journal is © The Royal Society of Chemistry 2025
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Fig.5 (a) Diffusion coefficients of Li* (Dy;+) with potential curves obtained by GITT measurements using Li/1 MLiBF4/EC + DMC (50 : 50 in vol%)/

YTOS 2032-coin half cells. The applied current density was 0.2C, with a loading duration of 10 min followed by a rest period of 2 h at each
measurement point. Most of the evaluated values of D, ;- range between 1072 and 107 cm? s~%. The similarity of Dy ;- during charge and discharge

indicates high reversibility of lithiation/delithiation within YTOS crystal structure. The sudden drops in D+ at 20-40 mA h g~* during delithiation
(pink) and 160-180 mA h g™ during lithiation (blue) corresponds to the highlighted plateau regions at ca. 0.3 V vs. Li in charge and discharge
curves, indicating the phase transition between orthorhombic and tetragonal structures. (b) Plot of I, v/2 vs. v¥? from 0.1 mV s to 1V s7*
evaluated from the current of peaks 1 and 2 in cyclic voltammograms using cavity microelectrode scanned (c) from 1to 7.5 mV st and (d) from
10 to 100 mV s~%. The dotted line in (b) corresponds to the boundary line of k;-dominant and k»-dominant regions. The v value of boundary
line, 0.3 V¥2 s72 is much higher compared to the reported value as a bulk electrode material (0.1 for LiFePO,), showing the ultrafast char-
acteristics of Li* accommodation in YTOS.

Charge storage mechanisms and kinetic analysis The diffusivity results indicate that most of the calculated Dy
values fall within the range of 107° to 10™"" cm® s™*, signifying
relatively fast Li" transport. Additionally, the diffusion coeffi-
cients exhibit nearly identical trends during charge and
discharge, suggesting a highly reversible Li' insertion and
extraction process in YTOS. This reversibility indicates that the
crystal structure of YTOS remains stable throughout electro-
chemical cycling, allowing for efficient Li" accommodation with
minimal structural distortion. A notable feature observed in the
diffusion coefficient profile is the sudden drop in Dy at ca. 0.3V

The effective transport of Li* within YTOS is a key factor in
determining its kinetic properties, directly influencing its charge
storage efficiency, diffusion dynamics, and overall electro-
chemical performance. The ability of YTOS to facilitate rapid and
reversible Li" insertion and extraction is essential for maintain-
ing high-rate capability, minimizing polarization effects, and
ensuring long-term structural stability during repeated cycling.
Fig. 5(a) presents the diffusion coefficients of Li' (Dy) as
a function of potential, obtained through GITT measurements.
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vs. Li/Li*, coincides with the plateaus both during delithiation
and lithiation. This behavior suggests a transformation between
tetragonal and orthorhombic phases," which momentarily
restricts Li' mobility before stabilizing in the new structural
configuration. In such plateau regions, Li* transport may proceed
via phase-boundary propagation, and the Weppner-Huggins
analysis in GITT"® can underestimate Dy ;- values due to the small
change in equilibrium potential on the voltage plateaus after
relaxation.” Nevertheless, the capacity fraction influenced by this
low-Dy;+ window is minor (<20 mA h g™ "), while most of the
operation occurs in single-phase regions where Dp;- remains
107° to 10" cm® s! with nearly identical charge/discharge
trends. Thus, the observed minima reflect two-phase thermody-
namics rather than loss of intrinsic mobility, and they do not
limit the demonstrated ultrafast performance. The ability of
YTOS to maintain relatively high Dy;- values outside these phase
transition regions underscoring its potential as rapid Li" diffu-
sion. A cavity microelectrode was used to further explore the Li"
storage kinetics in YTOS crystal. The total measured current of
the obtained cyclic voltammograms (CV) can be deconvoluted
into two contributions using the following eqn (1):

1 1
Ip v 2= k] 2 + kz (1)

where I,, and v stand for the peak intensity in A and the scan
rate in V s, respectively. The coefficient k; corresponds to the
non-diffusion-limited surface process, while k, reflects the
diffusion-limited faradaic reaction.”*** Assuming that the ob-

tained current for YTOS is rate-determined by Li" diffusion, we
1/2

plotted the I,y "> using Peak 1 and Peak 2 current against v
in Fig. 5(b) from recorded CVs (Fig. 5(c) and (d)).

View Article Online
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One of the most significant observations in Fig. 5(b) is the
presence of a clear boundary line, represented by the dotted
trend, which differentiates the k;-dominant (surface-controlled)
and k,-dominant (diffusion-limited) regions. The transition
occurs at a characteristic v*/* value of approximately 0.25 V*/
g2, Compared to conventional materials such as LiFePO,,**>>
which exhibits a boundary at around 0.1 VY2 s~'2 YTOS
demonstrates a much higher threshold, suggesting its ability to
accommodate Li" at significantly faster rates.

Structural evolution of YTOS during electrochemical cycling

To investigate the structural evolution of YTOS during lithiation
and delithiation, operando XRD measurements were conducted
(see Fig. 6 [Left]). These diffraction patterns reveal phase tran-
sitions and lattice modifications that occur as Li" ions are
inserted into and extracted from the YTOS crystal structure. A
more detailed examination of the structural changes is provided
in Fig. 6 [Right], which highlights the evolution of the (004)
diffraction peak within the narrower 26 range of 15° to 16.5°.
This peak is particularly sensitive to changes in the c-axis lattice
parameter, making it a useful indicator of volumetric expansion
and contraction during Li" insertion and extraction. The shift-
ing of the (004) peak position demonstrates a reversible lattice
modulation, where a contraction occurs during lithiation, and

an expansion is observed during delithiation. This behavior
suggests that YTOS accommodates Li* in a highly reversible
manner, allowing for structural stability throughout the charge-
discharge process. The absence of additional diffraction peaks
or significant peak broadening further confirms that no major
reinforcing the

phase decomposition occurs, structural

2d cycle
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Fig. 6 [Left] Operando XRD patterns of YTOS during 2nd cycle recorded between 15° and 35° using X-ray with A = 1.54 A (Cu ka). [Right]
Evolution of enlarged XRD patterns between 15° and 16.5°, corresponding to (004) plane, showing reversible crystal change of YTOS during
charge and discharge; shrink (Li insertion) and expansion (Li de-insertion) along c-axis. Applied current density was 1/10 C-rate.
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Fig. 7 Operando Ti K-edge XAFS spectra of YTOS during the 1st cycle [Top] and 500th cycle [Bottom] along with Y K-edge spectra. During the
1st cycle, Ti K-edge spectra exhibit a reversible energy shift between Ti** (0.1 V vs. Li/Li*, toward lower energy) and Ti** (3.0 V vs. Li/Li*, toward
higher energy), indicating a reversible Ti**/Ti** redox process associated with lithiation and delithiation. The diminished pre-edge peaks around
4968 eV, corresponding to the 1s—3d transition, reflects symmetry around Ti centered in the TiOsS octahedral coordination [Inset]. This recovery
of electronic symmetry aligns well with the operando XRD results (Fig. 6), where the vertical TiOsS octahedron contracts along the c-axis (Ti-S
bonding), enhancing crystallographic symmetry. Similar spectral shifts are observed in the 500th cycle, indicating the sustained redox reversibility
and structural stability (see also Fig. S4), consistent with the long-term cycling performance (Fig. 4 [Right]). In contrast, the Y K-edge spectra,
consistent with previously-reported data for yttrium-based compounds (Y, Ti, O (ref. 37) or Y,Os (ref. 38)), show negligible energy shift between
0.1V (red) and 3.0 V vs. Li/Li*(blue), confirming that the Ti**/Ti** is the predominant redox couple in YTOS upon lithiation/delithiation. Applied
current density was 1/10 C-rate, ensuring that the observed spectral features accurately reflect the intrinsic redox behavior of the material.

robustness of YTOS under electrochemical cycling conditions.
Interestingly, in contrast to the smooth and continuous peak
shifts observed for most reflections, a reversible two-phase peak
evolution is evident in the voltage range of 0.3-0.4 V, where
sharp features appear in the dQ/dV plots (Fig. S8). This obser-
vation aligns with the sudden drops in the diffusion coefficient
(Dpy) seen in the GITT analysis (Fig. 5(a)), corroborating the
occurrence of a phase transition between orthorhombic and
tetragonal structures®** during this specific voltage window.
These operando XRD results provide direct evidence of the
reversible structural changes in YTOS, demonstrating its ability
to sustain stable Li" intercalation without significant structural
collapse or degradation.

Fig. 7 presents operando Ti K-edge X-ray absorption fine
structure (XAFS) spectra of YTOS recorded during the 1st cycle
[top] and the 500th cycle [bottom], alongside Y K-edge spectra.
These measurements provide insights into the evolution of the
electronic structure and local coordination environment of Ti
and Y during electrochemical cycling. During the initial charge-
discharge cycle, the Ti K-edge spectra exhibit a reversible energy
shift correlated with changes in the oxidation state of Ti. At

This journal is © The Royal Society of Chemistry 2025

0.1 Vvs. Li/Li", the absorption edge shifts toward lower energy,
indicative of the presence of Ti**, while at 3.0 V vs. Li/Li*, the
edge shifts toward higher energy, corresponding to Ti*". This
reversible energy modulation confirms a Ti**/Ti*" redox
process, which governs the lithiation and delithiation of YTOS,
in line with prior observations for Ti-based anode materials
such as anatase TiO,,»** bronze TiO,,>?*® Li Tiz04,,> >
TiNb,0,,** and Li,ZnTiz;0g.** Among those Ti-based anode
materials, YTOS exhibits a low reaction potential range (0.1-
1.5 V vs. Li/Li"), owing to the low Ti d-band due to the mixed
anion (O*>7/$*7) environment.*'* Additionally, the pre-edge
region at approximately 4968 eV, associated with the 1s — 3d
transition,*** exhibits a diminished intensity. This reduction in
pre-edge features suggests changes in the local coordination
environment, specifically alterations in the symmetry
surrounding Ti within the TiOsS octahedral framework (see
Fig. 7 inset). The observed recovery of electronic symmetry is
consistent with the operando XRD results shown in Fig. 6, which
indicate that during electrochemical cycling, the vertical TiOsS
octahedron undergoes contraction along the c-axis due to Ti-S
bonding. This contraction effectively enhances the

J. Mater. Chem. A, 2025, 13, 40337-40348 | 40345
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crystallographic isotropy of the structure, further reinforcing
the stability of the material. Importantly, the Ti K-edge spectra
for the 500th cycle reveal a similar reversible energy shift, con-
firming the sustained redox reversibility of Ti**/Ti** even after
extensive cycling. This finding highlights the structural integrity
and electrochemical resilience of YTOS, as further corroborated
by long-term cycling performance data presented in Fig. 4
[Right]. The minimal degradation in redox activity over 500
cycles indicates that the electronic and structural reversibility of
Ti remains well-preserved (Fig. S5). In contrast to the
pronounced spectral shifts observed at the Ti K-edge, the Y K-
edge measured at 0.1 V (red; reduced state) and 3.0 V (blue;
oxidized state) are essentially superimposable across the edge
jump region (17 000-17 050 eV), demonstrating that the Y
oxidation state remains unchanged over the entire operating
potential window. The lack of significant changes at the Y K-
edge further reinforces the notion that the Y sites primarily
function as structural stabilizers rather than active redox
centers. The obtained operando XRD supports the idea,
revealing a reversible shift of the (004) reflection (see Fig. 6),
consistent with c-axis contraction/expansion during (de)lith-
iation. The overall volume change is small (<5%),"* indicating
that the Y,S, rock-salt layers accommodate interlayer shear and
strain, thereby maintaining structural integrity during cycling.
Furthermore, first-principle simulation reports on YTOS show
that the valence-band maximum is dominated by S 3p states,
the conduction-band minimum (CBM) is Ti 3d dominated, and
Y 5d states lie several eV above the CBM (~4 eV).>** This
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confirms that Y makes negligible contributions near the Fermi
level, reinforcing its role as a redox-inert framework stabilizing
the Ti-centered redox. These operando XAFS results, together
with complementary XRD analysis, provide strong evidence that
YTOS maintains its redox reversibility and structural stability
even after prolonged cycling. For comparison, other layered
oxysulfides, such as the Sr,MnO,Cu,_,S; family,***¢ store Li
through conversion-alloying reactions involving Cu extrusion/
reinsertion. These processes entail large structural reorganiza-
tion, significant hysteresis, and greater volume change. In
contrast, YTOS undergoes Ti-centered intercalation supported
by the Y-based scaffold, explaining its minimal lattice hysteresis
and superior cycling durability.

Long-term stability for YTOS||AC full cells

To evaluate the practical applicability of YTOS as a negative
electrode in hybrid supercapacitors, full-cell performance tests
were conducted using a YTOS||AC configuration. Fig. 8 presents
the electrochemical performance of the full cell, including long-
term cycling stability, polarization behavior, and voltage
profiles at varying current densities. The full cell maintains
excellent capacity retention even after prolonged cycling under
high-rate charge-discharge conditions. The applied current
density was 10C/10C, ensuring that the system was tested under
demanding operating conditions. Despite the high charge-
discharge rates, the full cell exhibited minimal capacity fading
over 10000 cycles, highlighting structural stability and
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Fig. 8 Excellent stability of YTOS||AC full cell performance using 1 MLiBF4/EC + DMC (50: 50 in vol%). [Top left] Capacity retention plots of
YTOS||AC full cell over 10 000 cycles. Applied current density was fixed at 10C/10C. [Bottom left] Monitored polarization curves of YTOS negative
and AC positive electrodes using Li reference electrode, along with voltage curves of YTOS||AC full cell, at the current density 1C/1C and 10C/
10C. [Right] Enlarged polarization curves at 1C/1C [Top] and 10C/10C [Bottom]. In both cases, the typical characteristics of YTOS polarization
curves, featuring a gentle slope with multiple stepped plateaus, were observed. No significant difference in overpotential was noted by increasing

current density (10C), confirming stable operation as a YTOS||AC hybrid
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capacitor.
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electrochemical reversibility of YTOS. Polarization curves were
recorded separately for the YTOS negative electrode and the AC
positive electrode versus a Li metal reference electrode (Fig. 8
[Bottom left]). The polarization behavior was monitored at two
different current densities: 1C/1C and 10C/10C. The voltage
profiles of the YTOS|AC full cell are displayed alongside,
enabling a direct comparison of the electrode performance. The
recorded polarization curves provide valuable information
about the charge transfer resistance, reaction kinetics, and
overall energy efficiency of the system.

A more detailed analysis of the polarization behavior is also
shown in Fig. 8 [Right], where enlarged polarization curves at
1C/1C [top] and 10C/10C [bottom] are presented. A key obser-
vation from these plots is the characteristic polarization
behavior of YTOS, which exhibits a gentle slope with multiple
stepped plateaus. These features suggest a complex but highly
stable Li" insertion/extraction mechanism, possibly involving
multiple lithiation sites or phase transitions within the YTOS
structure. Importantly, despite the increase in current density
from 1C to 10C, the overpotential of the YTOS electrode does
not exhibit significant changes. This indicates that the charge
transport and reaction kinetics remain efficient even at high
charge-discharge rates, reinforcing the idea that YTOS
possesses outstanding rate capability. The ability to maintain
low polarization at higher current densities is crucial for prac-
tical applications, as it ensures that the electrode can deliver
high power without significant energy losses. Such excellent
cyclability is comparable to other representative state-of-the-art
hybrid supercapacitors as summarized in Table S2. For Ti-based
anodes, benchmark data include TiO,(B)||AC* and Li,Tis-
O1,||AC,* which are renowned for high rate capability and
excellent cyclability but are typically constrained by modest
specific energy owing to high working potentials and limited
capacity. LizVO,||AC** offers higher capacity and thus higher
specific energy, yet often suffers from inferior long-term
stability linked to structural degradation. More recently,
disordered-rock-salt (DRX) - Li;V,Os (ref. 42) has been explored
to alleviate these trade-offs, although pronounced voltage
hysteresis and synthetic complexity persist. Against these
benchmarks, the YTOS||AC cell demonstrates a unique balance
of high energy density, minimal voltage hysteresis, and excel-
lent capacity retention over extended cycling, underscoring the
distinct advantage conferred by the Y-stabilized Ti-centered
intercalation mechanism.

Conclusions

This work demonstrates the viability of Y,Ti,O05S, (YTOS) as
a high-performance anode material for hybrid supercapacitors.
The layered RP framework of YTOS, composed of alternating
[TiO5S] perovskite-like slabs and [Y,S,]** rock-salt layers, affords
high electronic conductivity and rapid Li* diffusion through its
anisotropic architecture. Electrochemical testing revealed that
bulk YTOS electrodes—enhanced by the incorporation of 1 wt%
SWCNTs—exhibited a high specific capacity of 121 mA h g™*
(95% of the theoretical value), exceptional rate capability up to
230C, and 95% capacity retention after 1000 cycles.

This journal is © The Royal Society of Chemistry 2025
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Operando XRD and Ti K-edge XAFS analyses confirmed a fully
reversible orthorhombic-tetragonal phase transition and
robust Ti**/Ti*" redox reversibility over 500 cycles, while Y K-
edge spectra remained unchanged, validating the structural
stability provided by the Y sublattice. Kinetic analysis using
GITT and cavity microelectrode voltammetry revealed fast Li"
transport with diffusion coefficients ranging from 10~ to 10~ **
em” s, and a surface-to-diffusion transition boundary above
0.25 VY? s7Y2_surpassing conventional Ti-based anode
materials.

Furthermore, YTOS||AC full cells maintained stable cycling
over 10 000 cycles at 10C with minimal polarization, confirming
the composite's applicability in high-power configurations.
These findings underscore the structural resilience, kinetic
favorability, and dual ionic-electronic conductivity of YTOS,
offering a compelling platform for durable, fast-charging energy
storage applications. Future optimization of electrode formu-
lation and electrolyte compatibility may further enhance its
potential.
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