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The need for enhancing the cyclability of Prussian white (PW) cathodes is highly desirable due to their
potential as promising cathode materials for sodium-ion batteries (SIBs). In this study, an ultra-high PW
content of up to 98 wt% was accomplished in PW-based cathodes via self-organization of a
homogeneous 3D carbon nanotubes (CNTs) network structure. The half-cell fabricated using the PW/
CNT cathode exhibited a high C-rate capability of 103.8 mAh g~* at 10C and an excellent cycling stability
of 99.3% after 50 cycles at 0.2C, eliminating the need for a polymeric binder. Moreover, hybridizing multi-
walled CNTs with a small amount of single-walled CNTs in a specific composition enabled the fabrication
of hybrid cathode materials with sufficient electron conductivity, Na* accessibility, and structural stability,

Received 1st July 2025, making them suitable for energy storage applications. The proposed architecture of PW materials can

Accepted 13th August 2025 effectively suppress irreversible phase transitions at high operating voltages by stabilizing the lattice
DOI: 10.1039/d5ma00698h structure and hindering the formation of undesirable phases, thus improving battery performance.

Furthermore, the design of the cathode material presented in this study can effectively enhance the
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Introduction

The rapid advancement of renewable energy technologies, includ-
ing wind, solar, and tidal energy, has made large-scale energy
storage a global research hotspot." Secondary batteries are
regarded as highly promising candidates for energy storage appli-
cations owing to their high energy density and versatility. In the
1990s, Sony developed and commercialized the first generation of
lithium-ion batteries (LIBs), laying the foundation for modern
electronics.”* Following more than 30 years of significant advance-
ments, LIBs have been widely used in various aspects of our lives,
including in wearable electronic devices and electric vehicles.
However, owing to the uneven distribution of lithium resources
and increasing annual costs, LIBs are not suitable for large-scale
energy storage applications. Sodium-ion batteries (SIBs) possess an
energy storage mechanism similar to that of LIBs.*® SIBs, with
their widely distributed and abundant sodium resources and
relatively lower costs compared to those associated with LIBs, are
emerging as an advantageous option for large-scale energy storage.
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energy density of SIBs while maintaining high C-rate capability and cyclability.

The cathode materials for SIBs primarily consist of Prussian
blue analogs (PBAs),®® layered metal oxides,’ polyanions,'® and
organic compounds." PBAs, characterized by the general
chemical formula Na,M[Fe(CN)s],-(J;_,-zH,O (where M repre-
sents transition metal ions, 0 < x < 2,0 <y < 1, and O
denotes [Fe(CN)g] vacancies), can exhibit cubic, monoclinic,
and rhombohedral crystal symmetries. PBAs have garnered
significant attention as battery materials due to their high
theoretical capacity (up to 170 mAh g~ * with two Na* storage),
ease of synthesis, low cost, and open framework structure,
which facilitates rapid Na* insertion/extraction.">'* Conversely,
Mn-based Prussian white (PW) cathodes are prone to structural
collapse and capacity decay after repeated Na* insertion/extrac-
tion due to the presence of [Fe(CN)y] vacancies, lattice water,
and Jahn-Teller distortion of Mn®", making the enhancement
of their long-term cyclability crucial.'>"® Therefore, the
enhancement of cyclability of PW cathodes is highly desirable.

In recent years, various approaches, including vacancy
regulation, transition metal substitution, and high-entropy
engineering, have been used to enhance material properties
and create novel energy storage materials. High-entropy PBAs
exhibit significant lattice tolerance and efficient multipath
electron transfer.'® Therefore, modifying and optimizing exist-
ing PBAs, such as PW materials, is a practical and feasible
approach to achieve their desirable properties. Furthermore,
artificial solid electrolyte interface coatings, especially those
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incorporating carbonaceous inclusions and conducting poly-
mers, have been demonstrated to effectively enhance the struc-
tural stability and electron/ion transport kinetics in energy
storage devices.'”° Additionally, optimizing the operating
voltage range plays a pivotal role in determining the stability
of electrode materials in batteries. Typically, a relatively higher
upper voltage limit enhances specific capacity while promoting
irreversible structural degradation, which is often closely asso-
ciated with irreversible phase transitions.>’ Furthermore, at
high voltages, the coordinated water within the lattice may
undergo side reactions with the electrolyte, degrading battery
performance and safety.>”

In this study, high content PW cathode materials (up to
98 wt%) were achieved through self-organization of a three-
dimensional (3D) network of multi-walled carbon nanotubes
(MW-CNTs) and single-walled CNTs (SW-CNTs) hybrids. Our
motivation lies in understanding how electrode structures and
formulations affect the electrochemical performance of PW
cathodes—an area that has received limited attention. While
previous studies have often centered on material-level modifi-
cations (e.g., elemental doping, surface coatings, or in situ
growth), they still predominantly utilize conventional electrode
formulations rich in inactive components such as binders and
carbon additives. In designing PW cathode materials for SIBs,
we expect that a three-dimensional (3D) CNTs network provides
sufficient electronic conductivity and Na" accessibility by redu-
cing the usage amount of carbon and polymeric binders
while mitigating the volumetric expansion/contraction of
the PW structure during charge/discharge cycles. Furthermore,
the homogenization of the reaction distribution formed in the
composite electrode provided by the organized structure in
which PW particles are embedded in the proposed CNTs net-
work will effectively suppress the occurrence of irreversible
phase transitions during high voltage operation.

Experimental
Preparation of electrodes

To prepare PW/CNT (polymeric binder-free) cathodes, initially,
multi-walled carbon nanotubes slurry (MW-CNTs, 5 wt% in
NMP, Toda Kogyo Corp., Japan) and single-walled carbon
nanotubes slurry (SW-CNTs, 0.2 wt% in NMP, Meijo Nano
Carbon Co., Ltd, Japan) were mixed in a container at a mass
ratio of 9:1 (actual mass ratio of carbon nanotubes). The
mixture was thoroughly stirred to achieve uniformity using a
planetary centrifugal mixer (THINNKY MIXER AR-100,
THINNKY, Japan). Subsequently, commercial PW powder (Xia-
men Tob New Energy Technology Co., Ltd) was added to the
CNTs mixture in the desired proportion (PW:CNTs = 98:2
(Wt%)), and a small amount of NMP was further added to adjust
the slurry’s viscosity. The mixture was then stirred again to
obtain a homogeneous electrode slurry. For comparison,
80 wt% of PW, 10 wt% of acetylene black, and 10 wt% of
polyvinylidene fluoride (PVDF) binders were mixed with an
appropriate amount of NMP (the same stirring process as the
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second stirring process of the PW/CNT cathode) to obtain a
uniform slurry. Finally, the two slurries were respectively coated
onto a carbon-coated aluminium (Al@C) sheet. The electrodes
were vacuum-dried overnight at 120 °C. Circular discs with a
diameter of 14 mm were then punched out from the carbon-
coated aluminium sheets to serve as cathodes. The electrodes
had an average thickness of 38 pm, including the carbon-coated
aluminium foil (Al@C, 22 pm), with a mass loading of PW in
the range of 2.0-2.4 mg cm ™2, Prior to manuscript preparation,
multi-walled carbon nanotubes (MW-CNTs) were hybridized
with small amounts of single-walled carbon nanotubes (SW-
CNTs) at optimized ratios, determined through a series of
experiments investigating the influence of CNTs composition
on electrode performance.

Structural characterization

The phase composition of PW powder and the cycled electrodes
was characterized by X-ray diffraction (XRD) with a Cu-Ka
radiation source (Rigaku Ltd, Japan). Thermogravimetry-
differential thermal analysis (TG-DTA, Rigaku Ltd, Japan) and
inductively coupled plasma mass spectrometry (ICP-MS, Seiko
Instruments Inc.) were performed to analyse the specific
chemical composition of PW. The elemental composition and
chemical valence states of cycled and uncycled cathodes were
detected by X-ray photoemission spectroscopy (XPS; JPS-0910,
JEOL Co., Ltd, Japan). Intact sliced electrodes were obtained
through focused ion beam (FIB) milling. The morphological
characteristics and microstructure of the cathodes were
observed by field-emission scanning electron microscopy (FE-
SEM, JSM-7600F at 15 kV; JEOL, Japan).

Electrochemical characterization

The half-cell was assembled with Na metal as the counter
electrode and the glass fiber type GF-A as the separator. One
molarity (1 M) NaClO, in polycarbonate mixed with 3 wt%
fluoroethylene carbonate (FEC) additive as the electrolyte.
R2032 coin-type cells were fabricated in an Ar-filled glove box.
The galvanostatic charge/discharge, rate performance, and
galvanostatic intermittent titration technique (GITT) measure-
ments were conducted on a Neware Battery Testing System. To
prevent irreversible phase transitions and maintain high cycling
stability, the fabricated PW/CNT electrode was initially activated at
a high operating voltage (2-4.2 V vs. Na/Na'") before testing within
an optimized voltage window. To ensure the complete extraction
of Na ions (Na') from the cathode, a constant current-constant
voltage (CC-CV) technique was employed. Cyclic voltammetry
(CV) measurements were performed using an electrochemical
workstation (VSP-300, Biologic, France) over a voltage range of
2.0 to 3.6 V following the activation process, with scan rates
varying from 0.1 to 0.5 mV s '. Electrochemical impedance
spectroscopy (EIS) measurements were performed using an elec-
trochemical workstation over a frequency range of 200 kHz to
1 mHz. Herein, all electrochemical tests were conducted at ambient
temperature. The electrochemical performance of the PW/CNT
electrodes was compared to those of the binder-containing PW/
acetylene black + polyvinylidenefluoride (AB+PVDF) electrodes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Microstructure of the PW/CNT 3D network system

As schematically illustrated in Fig. 1(a), Prussian white (PW)
and carbon nanotubes (CNTs) were assembled using a conven-
tional slurry process, as described in our previous report.”* A
mixture of single-walled carbon nanotubes (SW-CNTs) and
multi-walled carbon nanotubes (MW-CNTs) was employed as
a conductive binder in place of polyvinylidene fluoride (PVDF).
For comparison, control composite electrodes composed of
PW, acetylene black, and a PVDF binder were also fabricated.
Notably, the use of CNT-based binders enables the stable
fabrication of composite electrodes on carbon-coated alumi-
num (Al@C) foil using standard coating processes, even with a
relatively low total additive content of approximately 2 wt%.
Commercially available Mn-based Prussian white (PW), in
which Mn*" and Fe®" ions coordinate with nitrogen and carbon
atoms in -C=N- ligands to form a three-dimensional open
framework with spacious ion channels, was used as the active
material. These ion channels within the 3D framework facil-
itate the reversible insertion/extraction and transport of Na"
ions during electrochemical reactions.>* The XRD pattern
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shown in Fig. 1(b) exhibits distinct peak splitting at approxi-
mately 20 = 24.4°, 38°, and 50°, which is characteristic of the
monoclinic phase of PW with a space group of P2,/n. The refined
lattice parameters (a = 10.5952 A, b = 7.5331 A, and ¢ = 7.3315 A)
further confirm the presence of this monoclinic structure.

To further investigate the chemical composition of the
samples, thermogravimetric-differential thermal analysis (TG-
DTA) and inductively coupled plasma mass spectrometry (ICP-
MS) were conducted. In the TG-DTA curve of PW after vacuum
drying (Fig. 1(c)), the observed weight loss below 260 °C is
attributed to the removal of water molecules,* corresponding to
approximately 10.3 wt%. Based on the elemental composition
obtained from ICP analysis (Table S1), the chemical formula of
PW after vacuum drying is determined to be Na, 46sMn[Fe(CN)go.os3°
Oo.017-1.94H,0.

Fig. 2 presents the field-emission scanning electron micro-
scopy (FE-SEM) images of the pristine PW powders and the
corresponding PW/CNT electrode surfaces. As shown in
Fig. 2(a) and (b), the PW powder exhibits a well-defined cubic
morphology with an average particle size of approximately
1 pm. Fig. 2(c) and (d) demonstrate that both MW-CNTs and
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(a) The preparation process of electrodes and the schematic diagram of the electrode structure. (b) Powder XRD patterns of PW and the Rietveld
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Fig. 2 FE-SEM images of (a) and (b) PW powders, (c) and (d) the PW/CNT electrode surface, and (e) and (f) cross-section.

SW-CNTs are homogeneously distributed and form an inter-
connected network across the electrode surface, as well as on
the individual PW particles. To further confirm the formation
of a CNTs network within the electrode structure, FE-SEM
analysis was performed on cross-sectional samples prepared
using focused ion beam (FIB) milling. As shown in Fig. 2(e)
and (f), CNT bundles are observed bridging the intergranular
nanoscale voids, effectively connecting the particles and con-
tributing to a continuous conductive network throughout the
electrode. Furthermore, it, representative of other areas of the
electrode, shows that both MW-CNTs and SW-CNTSs are uni-
formly distributed across the electrode surface, forming a
continuous and well-dispersed three-dimensional conductive
network.

The results of multiprobe surface potential measurements
on the PW-based electrode sheets were numerically deconvo-
luted into contributions from bulk (volume) resistance, surface
resistance, and interfacial resistance at the current collector.
Measurements were conducted at 25 distinct points on each
electrode, with the resulting distributions presented as violin
plots in Fig. S1 and summarized in Table S2. The PW/CNT
electrode exhibited a bulk resistivity of 2.69 Q cm, which is
lower than that of the PW/AB+PVDF electrode, despite the
conductive carbon content in the PW/CNT electrode being only
one-fifth that of the PW/AB+PVDF counterpart. Importantly, the
variation in volume resistance across the 25 measurement
points was minimal. Given that electrons preferentially follow
paths of least resistance, this low dispersion suggests that all PW
particles are effectively embedded within the three-dimensional
interwoven CNTs network, providing uniform electrical connec-
tivity throughout the electrode. The improved contact between
PW particles and CNTs facilitates efficient electron transport,
enabling faster charge transfer and mitigating structural degra-
dation during cycling.

Notably, the planar and cross-sectional FE-SEM images
(Fig. S2) of the PW/AB+PVDF electrode reveal inhomogeneously
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distributed agglomerates of acetylene black (AB) particles on
the surface of the PW powder. Most of these particles are
concentrated in the central regions of the intergranular nano-
space. This FE-SEM analysis indicates that the PW particles in
the PW/AB+PVDF electrode are poorly connected and largely
isolated from the carbon-based electron-conducting network.
In contrast, such inhomogeneous aggregation is not observed in
the PW/CNT electrodes. As shown on the left side of the sche-
matic diagram in Fig. 1(a), the Prussian white (PW) and carbon
nanotubes were assembled using a conventional slurry process,
following our previous report.”* A mixture of MW-CNTs and SW-
CNTs was employed as a conductive binder in place of PVDF. For
comparison, control composite electrodes composed of PW,
acetylene black, and PVDF binders were also fabricated. It is
worth emphasizing that the CNTs network enables stable elec-
trode fabrication on Al@C foil via a standard coating process,
without the need for polymeric binders.

Electrochemical characteristics: Na* diffusion dynamics

According to previous reports on the intrinsic properties of Mn-
based PBAs, such as Prussian white (PW), high-spin Mn (MnNj)
fully participates in redox reactions, contributing significantly
to the overall capacity.”” In contrast, only a limited portion of
low-spin Fe (FeCg) engages in redox activity, and compared to
an equivalent amount of high-spin Mn, Fe tends to induce
more severe lattice distortion.>* Therefore, activating low-spin
Fe within an appropriate voltage range is considered an effec-
tive strategy to enhance the electrochemical performance of
PBAs. In this study, the initial activation process, performed
during the first cycle within a voltage window of 2.0-4.2 V vs.
Na/Na', serves as a rapid activation step that facilitates the
participation of low-spin Fe in redox reactions.

To ensure efficient electron transport pathways, electro-
chemical tests were conducted to evaluate the half-cell perfor-
mance of the as-prepared cathodes incorporating a built-in
electron-conducting network. As shown in Fig. 3(a), the PW/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Typical galvanostatic charge/discharge profiles of PW/CNT and PW/AB+PVDF cathode-based half-cells taken at 0.2C rare. (b) The dQ/dV

curves of the as-prepared cathodes after the activation process. (c) Rate performance of the as-prepared cathodes at different C rates. CV curves of (d)
PW/CNT-, and (e) PW/AB+PVDF-based cathodes at different scan rates from 0.1 to 0.5 mV s (f) Nyquist plots of PW/CNT-, and PW/AB+PVDF-based

cathodes with a controlled SOC of 50%.

CNT cathode delivers a reversible specific discharge capacity
of 101.7 mAh g, while the PW/AB+PVDF cathode achieves
94.7 mAh g~ . Note that the specific capacities are based on the
weight of PW particles in the cathode materials. These results
indicate that the 3D CNTs network enables ideal charge/dis-
charge reactions with minimal capacity fading and negligible
overpotential caused by internal resistance. Moreover, analysis
of the voltage drop at the end of discharge suggests that the cell
with the PW/AB+PVDF electrode exhibits higher internal resis-
tance than the one with the PW/CNT electrode. In Fig. 3(b), the
dQ/dV curves of the activated PW/CNT cathode reveal two redox
couples at 3.43/3.32 and 3.55/3.43 V vs. Na/Na". Similar redox
couples are also observed for the PW/AB+PVDF cathode. How-
ever, the PW/CNT electrode shows sharper peaks with smaller
potential separations, suggesting that the CNTs network facil-
itates rapid sodiation/desodiation with lower polarization.

Fig. 3(c) presents the C-rate capability results, where the PW/
AB+PVDF cathode shows significant capacity degradation
with increasing current density, with the discharge capacity
dropping to just 6 mAh g~' at 10C. This performance loss
is attributable to microstructural differences stemming from
the absence of a robust CNTs network, as discussed earlier
(refer to Fig. 2). In contrast, the PW/CNT electrode demon-
strates a markedly superior C-rate capability of approximately
103.8 mAh g~ ' at 10C. Overall, the results in Fig. 2 and 3 clearly
demonstrate that the 3D CNTs network in PW/CNT cathodes
enhances cell kinetics by promoting efficient electron conduc-
tion and ensuring sufficient interfacial contact between the
cathode and the electrolyte, thereby enabling excellent high-
rate performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The Na' insertion/extraction kinetics and the associated
polarization were further investigated using cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and the
galvanostatic intermittent titration technique (GITT). The
sodium-ion diffusion coefficient (Dn,) was calculated based
on both anodic and cathodic peak currents at scan rates
ranging from 0.1 to 0.5 mV s~ '. As shown in Fig. 3(d) and (e),
the PW/AB+PVDF electrode exhibits lower current density,
broader redox peaks, and a larger peak separation between
anodic and cathodic signals in the CV curves, indicating slower
sodiation/desodiation kinetics and higher polarization. In con-
trast, the hybridized 3D CNTs network in the PW/CNT electrode
promotes faster Na* transport with reduced polarization.

Furthermore, in Fig. 3(d) and (e), the redox couple labeled
Oi/R; shows increasing polarization at higher scan rates,
whereas the Oy/Ry couple exhibits negligible polarization.
The redox reaction associated with the low-spin [Fe(CN)q]*~/
[Fe(CN)s]*~ couple demonstrates a faster kinetic response dur-
ing charge/discharge processes. According to the Randles-
Sevcik equation, the peak current (/) as a function of the scan
rate (v) can be expressed as follows:

Ip:(2.69><105)><\/1?><A><\/51\E><C>< VViate (1)
where n is the number of electrons transferred, A is the
electrode surface area, Dy, is the sodium-ion diffusion coeffi-
cient, C is the concentration of the active species, and v is the
scan rate. As shown in Fig. S3(a) and (b), the slope of I, vs.
Veate " for the PW/CNT electrode is approximately 3.6 times
greater than that for the PW/AB+PVDF electrode.

Mater. Adv,, 2025, 6, 6931-6943 | 6935
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The corresponding ratio of diffusion coefficients, (Da:pw/onts)/
D(na:pw/as+pvpr)); 1S approximately 9:1. This enhanced Na*
diffusion in the PW/CNT cathode supports the observed
improvements in battery performance, particularly its superior
C-rate capability.

In Fig. 3(f), the Nyquist plots of half-cells aged for one cycle
and controlled at a 50% state of charge (SOC) display two
semicircles in the high- and medium-frequency regions, along
with a sloped line in the low-frequency region. The intercept at
high frequency on the real axis (Z’) corresponds to the ohmic
resistance (Rg). The semicircle in the high-frequency region is
attributed to the resistance of the cathode-electrolyte inter-
phase (Rcgr), while the semicircle in the medium-frequency
region represents the charge transfer resistance (Rcr). The
sloped line at low frequency corresponds to the Warburg
impedance (Z,,), which is associated with Na* diffusion.>®

The impedance parameters obtained by fitting the Nyquist
plots using an equivalent circuit model are summarized in
Table S3, and the circuit model used for fitting is shown in Fig.
S4(a). According to the values listed in Table S3, the PW/CNT
cell exhibits lower Rg, Rcgg, and Rer values compared to the PW/
AB+PVDF cell, indicating improved interfacial and charge
transfer properties. Na' diffusion characteristics were further
analyzed by examining the linear relationship between the real
part of the impedance (Z') and o /* (the inverse square root of
the angular frequency) in the low-frequency region. Using the
Warburg impedance coefficient (oy,), Z' can be expressed as
follows:

Z' = Ry + Ry + oy Y2, (2)
The slope of the Z' vs. w™*? plot corresponds to oy. As
illustrated in Fig. S4(b), the PW/CNT cell shows a significantly
smaller slope than the PW/AB+PVDF cell, indicating faster Na*
diffusion in the PW/CNT electrode.

Next, galvanostatic intermittent titration technique (GITT)
measurements were performed to investigate the Na* diffusion
dynamics at the electrode/electrolyte interface. The GITT is a
widely used method for determining ion diffusion coefficients
from electrochemical data. As shown in Fig. S5(a) and (b), the
GITT measurements were carried out by applying continuous
galvanostatic pulses at a current rate of 0.1C for 10 minutes,
each followed by a rest period of 30 minutes. The sodium-ion
diffusion coefficient (Dy,) was calculated using the following

equation:*’
4 (mVy 2 AE; 2
Drg = — (M .
N TE‘L'( S ) (AET )

where 7 represents the time of the current pulse, n is the
number of moles, and V,, is the molar volume of the active
material. S denotes the electrode/electrolyte interface area. AEg
and AE; represent the voltage changes during the constant
galvanostatic pulse and the steady-state voltage change, respec-
tively. The average Na' diffusion coefficients of the PW/CNT
and PW/AB+PVDF cathodes are calculated as 3.25 x 10~ '° and
1.49 x 10" em® s, respectively. The relatively higher Na*
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diffusion coefficient in the PW/CNT cathode can be attributed
to the spider-web-like CNTs network embedded within the
electrode. This interconnected CNTs structure facilitates rapid
electron transport and provides a large specific surface area for
electrolyte access, thereby enabling efficient Na' diffusion
through the pores and across the surfaces of the PW particles.

Electrochemical characteristics: cyclability

To evaluate the impact of the three-dimensional CNTs network
on the cycling stability of the half-cells, galvanostatic charge/
discharge tests were conducted under various conditions. Dur-
ing the initial activation process of the PW/CNT half-cell within
a voltage window of 2.0-4.2 V vs. Na/Na", the cell exhibited an
initial charge/discharge specific capacity of 146/137 mAh g™,
corresponding to a relatively high coulombic efficiency (CE) of
94.0%. Fig. 4(a) shows that, after the activation process, the
PW/CNT half-cell operating within the voltage range of 2.0-
3.6 V exhibits specific charge/discharge capacities of 103.7/
101.7 mAh g, corresponding to a coulombic efficiency (CE)
of 98.1%. The charge/discharge capacity of the PW/CNT half-
cell gradually increases up to the 20th cycle and then
slowly decreases with further cycling. Remarkably, even after
50 cycles, the specific charge/discharge capacities remain at
104/103 mAh g, indicating an excellent capacity retention of
99.3%. This high-capacity retention is attributed to the gradual
activation process that follows the initial high-voltage pre-
activation. Compared with other reported PW-based cathode
materials (Table S4), the PW material in this study demon-
strates superior cycling stability within a relatively narrow
operating voltage window.

For comparative analysis, a PW/AB+PVDF half-cell was also
examined. During the high-voltage pre-activation, this half-
cell exhibited specific charge/discharge capacities of 150/
129 mAh g, corresponding to a coulombic efficiency (CE) of
86.3%. Within a narrower voltage window of 2.0-3.6 V, the PW/
AB+PVDF half-cell delivered specific charge/discharge capaci-
ties of 97/95 mAh g™', with a CE of 97.2%, which is slightly
lower than that of the PW/CNT half-cell (98.1%). Furthermore, the
capacity of the PW/AB+PVDF half-cell continuously declined with
cycling. After 50 cycles, it retained specific charge/discharge
capacities of only 44/43 mAh g, corresponding to a capacity
retention of 45%. These results indicate that the PW/AB+PVDF
half-cell experiences ongoing side reactions,>*® likely triggered by
electrolyte decomposition at the electrode-electrolyte interface
during repeated cycling. As shown in Fig. S6(a) and S6(b), the
polarization of the PW/AB+PVDF electrode increases significantly
after the 20th cycle, reflecting a rise in internal impedance. In
contrast, the PW/CNT cell exhibits only a slight increase in
polarization even after 50 cycles. The observed increase in polar-
ization is primarily attributed to the progressive growth of the
cathode-electrolyte interphase (CEI) layer, which is influenced by
electrolyte decomposition, interfacial instability, and the struc-
tural degradation of the PW powder.

In this context, the 3D CNTs network plays a crucial role not
only in enhancing electronic conductivity but also in mitigating
structural degradation during high-voltage cycling. The improved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrical connectivity ensures homogeneous charge distribution
and smooth Na' extraction/insertion kinetics, which suppress
localized overpotentials—commonly associated with triggering
monoclinic-to-cubic phase transitions in PW. By promoting uni-
form reaction environments across the electrode, the CNTs frame-
work helps stabilize the monoclinic phase and thereby contributes
to the excellent cycling stability observed in the PW/CNT half-cell.

The choice of the MW-CNT/SW-CNT ratio (9:1) was based
on a balance between the material cost and electrochemical
performance observed during preliminary investigations. Given
the significantly higher cost and lower availability of SW-CNTs,
it is desirable to minimize their use while maintaining suffi-
cient electrical conductivity and mechanical robustness. In the
initial screening stage, PW cathodes with MW-CNT/SW-CNT
ratios of 100:0 (PW97-MW), 90:10 (PW98-MW/SW = 90/10),

© 2025 The Author(s). Published by the Royal Society of Chemistry

and 80:20 (PW98-MW/SW = 80/20) were fabricated. Notably,
the PW98-MW electrode, composed solely of MW-CNTs, failed
to form a mechanically robust structure, prompting us to
reduce the active material content to 97% to enable proper
electrode fabrication.

As shown in Fig. S7, the electrodes with MW-CNT/SW-CNT
ratios of 90:10 and 80: 20 exhibited comparable electrochemi-
cal performance at 1C within a voltage window of 2.0-4.2 V vs.
Na/Na', with the 90:10 composition showing slightly better
cycling stability. This improvement may be attributed to
enhanced network homogeneity at the 90:10 ratio, where a
small amount of long, flexible SW-CNTs effectively bridges the
gaps between MW-CNTs and active material particles, thereby
improving both electronic conductivity and structural integrity.
In contrast, increasing the SW-CNTs content to 20% (80:20)

Mater. Adv., 2025, 6, 6931-6943 | 6937
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may promote excessive bundling or agglomeration of SW-CNTs,
leading to a less effective conductive network and inferior
dispersion, which slightly reduces overall performance. Mean-
while, the electrode composed solely of MW-CNTs (PW97-MW)
exhibited significantly inferior electrochemical behaviour,
likely due to insufficient inter-tube connectivity and the
absence of long-range conductive pathways.

To investigate the underlying mechanism of capacity degra-
dation, in situ electrochemical impedance spectroscopy (EIS)
measurements were conducted on both PW/CNT and PW/
AB+PVDF cells during charge/discharge cycling. As shown in
Fig. 4(b) and (c), the Nyquist plots at different cycles with a
controlled state of charge (SOC) of 50% display two semicircles
in the high- and medium-frequency regions, corresponding to
the resistance of the cathode-electrolyte interphase (Rcg;) and
the charge transfer resistance (R¢r), respectively. Both PW/CNT
and PW/AB+PVDF cells exhibit a similar trend of impedance
evolution: Rcgy and Rer initially decrease, indicating electrode
activation, and then increase in the later cycles, suggesting
structural degradation of the PW lattice and excessive growth
of the CEI layer. Notably, the PW/CNT cell exhibits smaller
fluctuations in Rcg; and Rcr, implying better interfacial and
structural stability. Fig. 4(d) presents linear fits between the
real part of the impedance (Z') and w2, which show an initial
decrease in slope followed by an increase with continued
cycling. This trend is consistent with the evolution of the
impedance parameters. Importantly, the slopes for the PW/
CNT cell remain significantly smaller than those of the PW/
AB+PVDF cell across all cycles, indicating that Na" diffusion in
the PW/CNT electrode is less affected by CEI formation and
structural degradation.

To investigate the structural changes of PW particles in the
electrodes after 150 cycles, ex situ X-ray diffraction (XRD)
measurements were performed. Initially, a high-voltage pre-
activation step was conducted at 0.2C within a voltage range of
2.0-4.2 V, followed by cycling in the designated operating
voltage windows at a current density of 1C. As shown in
Fig. 4(e), the PW/CNT half-cell exhibits gradual capacity decay
in the 2.0-4.2 V range while still retaining a reversible specific
capacity of 111 mAh g~ " after 150 cycles. In contrast, when
operated in the narrower voltage window of 2.0-3.55 V, the PW/
CNT half-cell shows negligible capacity loss even after 150
cycles. Fig. 4(f) presents the ex situ XRD patterns of PW/CNT
cathodes obtained from half-cells aged over 150 cycles at
different operating voltages. The diffraction peaks are predo-
minantly associated with the monoclinic phase of PW, indicat-
ing minimal phase transition to the cubic phase. In particular,
the XRD pattern of the PW/CNT cathode cycled between 2.0 and
4.2 V shows relatively broader and weaker peaks, which can be
attributed to the formation of a thicker cathode-electrolyte
interphase (CEI) layer caused by increased side reactions at
higher voltages. In contrast, as illustrated in Fig. 4(g), the PW/
AB+PVDF half-cell demonstrates rapid capacity degradation in
the 2.0-4.2 V range, with charge/discharge capacities declining
to 40/40 mAh g~ ' after 150 cycles. Although improved capacity
retention is observed in the narrower 2.0-3.55 V window, the
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PW/AB+PVDF half-cell still exhibits a relatively low reversible
capacity of 32 mAh g~ after 150 cycles. Fig. 4(h) shows the XRD
patterns of PW/AB+PVDF cathodes after 150 cycles under
different operating voltages. The cathode cycled in the 2.0-
3.55 V range displays intense peaks corresponding to the
monoclinic PW phase. However, the cathode cycled in the
2.0-4.2 V range reveals a distinct sharp peak corresponding to
the cubic phase of PW, indicating an irreversible phase transi-
tion. Similar structural degradation phenomena have been
reported in previous studies of deteriorated PW systems.>®

To further investigate the structural characteristics of the
electrodes and evaluate their surface chemical stability, field-
emission scanning electron microscopy (FE-SEM) imaging and
X-ray photoelectron spectroscopy (XPS) measurements were
conducted on electrodes harvested from cycled half-cells. As
shown in Fig. 5(a) and (b), the CNTs network on the surface of
the PW/CNT cathode remains firmly attached to the PW parti-
cles, preserving the structural integrity of the active material.
This demonstrated that structural stability can be attributed to
the three-dimensionally interconnected CNTs network. More-
over, the robust conductive framework provided by the CNTs
binder is expected to promote homogenization of the electro-
chemical reactions within the porous architecture of the PW/
CNT electrode. The porous nature of the electrode also accom-
modates the volume changes of PW particles during charge/
discharge processes. The 3D microstructure enables elastic
expansion and contraction, maintaining the mechanical and
electrochemical integrity of the composite electrode. In contrast,
as shown in Fig. 5(c) and (d), multiple cracks are observed on the
PW particles in the PW/AB+PVDF electrode after 150 cycles. The
formation of microcracks during cycling disrupts the conductive
network, resulting in inhomogeneous Na' insertion/extraction,
uneven electrochemical reactions, phase transitions, and side
reactions such as excessive CEI growth and transition metal
dissolution into the electrolyte.*>*! In conclusion, the intact 3D
CNTs network plays a crucial role in maintaining structural
stability and enhancing electrochemical performance, making
PW-based composite electrodes with CNTs binders highly sui-
table for sodium-ion battery applications.

To investigate the structural evolution during cycling, oper-
ando X-ray diffraction (XRD) measurements were conducted
using specially assembled in situ cells with PW/CNT- and PW/
AB+PVDF-based cathodes. The measurements were performed
under two voltage conditions: the activation window (2.0-4.2 V
(vs. Na/Na"), first cycle) and the working voltage window (2.0-
3.6 V (vs. Na/Na"), third cycle). As shown in Fig. 6(a), for the PW/
CNT-based cathode cycled within 2.0-4.2 V, the left-side peak
splitting around 24° and 38° gradually intensify and then
diminish during charging. A similar trend is observed during
discharging, with the peaks returning to their initial state,
indicating that the monoclinic phase of PW is retained through-
out the cycle without a significant phase transformation. In
contrast, as shown in Fig. S8(a), the PW/AB+PVDF-based cathode
displays markedly different behaviours. The splitting peaks near
24° and 38° nearly disappear upon charging to 4.2 V and
reappear upon discharging, signifying a reversible monoclinic-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FE-SEM images of (a) and (b) PW/CNT- and (c) and (d) PW/AB+PVDF-based 150 cycled electrodes.

to-cubic phase transition under high-voltage cycling. Additionally,
during the first-cycle activation process (2.0-4.2 V), both cathodes
exhibit a reversible shift in the diffraction peaks near 34°. These
previously split peaks merge into a broader single peak upon
charging and do not fully recover after discharging, though the 20
position shifts reversibly. These features reflect reversible lattice
parameter changes, indicative of lattice expansion/contraction
and a reduction in crystallinity. Under the narrower voltage
window of 2.0-3.6 V, as shown in Fig. 6(b) and Fig. S8(b), both
electrodes exhibit only periodic modulation of the peak intensities
near 24° and 38°, along with reversible peak shifts near 34° during
charge/discharge cycles. These results suggest that PW undergoes
a solid-solution reaction mechanism in this voltage range, which
is critical to the excellent cycling stability observed under these
conditions. In summary, the 3D-interconnected CNTs network in
the PW/CNT-based cathode not only provides an efficient electro-
nic conduction pathway but also facilitates uniform electron
and ion transport. This conductive framework buffers the
volume changes of PW during cycling and mitigates the stress
concentration, thereby effectively suppressing severe lattice
reconstruction.**** In contrast, the PW/AB+PVDF-based cathode
lacks such structural reinforcement, leading to greater fluctua-
tions in local Na’ concentrations and the accumulation of
mechanical stress, ultimately resulting in increased structural
degradation and particle fracture over long-term cycling.

The cycling performance of a full cell was evaluated over 20
cycles at a 1C rate, using a configuration denoted as the hard

© 2025 The Author(s). Published by the Royal Society of Chemistry

carbon-CNT| PW-CNT for confirming its feasibility as a cathode
for SIBs. As shown in Fig. S9, the full cell demonstrated an initial
discharge capacity of 98.1 mAh g~ " and a coulombic efficiency of
69.3% at 0.2C. While the capacity was gradually degraded to
71.14 mAh g " at the initial stage of cycles, it tended to stabilize
at certain levels. The relatively low initial coulombic efficiency is
primarily attributed to irreversible Na' consumption at the hard
carbon anode, a common issue in sodium-ion full cells. This loss
is mainly due to solid electrolyte interphase (SEI) formation on
the HC surface during the initial sodiation, which irreversibly
consumes Na'. In particular, the high surface area and internal
porosity of the HC used in this study likely exacerbate electrolyte
decomposition and SEI growth, thereby lowering the first-cycle
efficiency. Since observed low first coulombic efficiency and the
good structural stability of the PW/CNT cathode confirmed by
half-cell tests, the dominant factor in capacity loss involves the
side reactions at the hard carbon anode surface and/or in
nanopores in association with irreversible Na' loss for making
excess solid electrolyte interface layer formation. Further opti-
mization of the hard carbon-CNT anode is currently underway,
and it is highly possible to further improve the cycle character-
istics by optimizing the electrolytes and additives.

Surface chemical states and oxidation states of transition
metals in PW particles

To further elucidate the origin of the excellent electrochemical
performance exhibited by the PW/CNT cathodes, X-ray

Mater. Adv., 2025, 6, 6931-6943 | 6939
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Fig. 6 The operando XRD measurements of the PW/CNT-based cathode at different operating voltages (a) 2—4.2 V for the first cycle and (b) 2-3.6 V for

the third cycle.

photoelectron spectroscopy (XPS) was conducted to examine
the surface chemistry and valence states of the electrode
materials. In the Fe 2p core-level spectrum (Fig. 7(a)), peaks
at 708.8 eV and 721.7 eV correspond to Fe 2pz, and Fe 2py,
respectively, and are characteristic of the Fe(un) oxidation
state.***> Notably, no significant changes are observed in the Fe
2p spectrum after electrode activation, indicating the chemical
stability of Fe under the tested conditions. In the Mn 2p core-level
spectrum (Fig. 7(b)), the Mn 2p3, peaks at 642.1 eV and 643.8 eV,
and the Mn 2p,/, peaks at 654.0 eV and 655.2 eV, are attributed to
Mn(n) and Mn(m) oxidation states, respectively.*®*” An increase in
the area under the Mn(m)-related peaks after activation suggests
the occurrence of partial irreversible oxidation reactions, poten-
tially associated with structural changes in the PW lattice. The
increase in Jahn-Teller-distorted Mn>" ions within the PW struc-
ture during activation likely induces local lattice strain, which may
contribute to performance degradation if not effectively mitigated.
However, in the PW/CNT system, the 3D CNTs network likely

6940 | Mater. Adv, 2025, 6, 6931-6943

buffers such strain, supporting enhanced structural and electro-
chemical stability.

Regarding the interface between PW and CNTs, we did not
observe direct evidence of chemical bonding (e.g., C=N-Fe) in
our characterization. The XPS spectra of the composite did not
show any new peaks or shifts indicative of covalent bond
formation between the components. However, the uniform
coating of CNTs on the PW surface and the overall improved
electronic conductivity suggest a strong physical interaction,
such as van der Waals forces and mechanical entanglement.
This physical integration ensures tight interfacial contact and
efficient electron transport, contributing significantly to the
excellent electrochemical performance, as evidenced by the
enhanced rate capability and cycling stability.

The C 1s core-level spectrum of the one cycle-aged PW/CNT
electrode, as illustrated in Fig. 7(c), consists of four compo-
nents with binding energies of 284.8 eV (C-C), 285.6 eV (C-O/
C-N), 287.4 €V (COO0), and 290.6 eV (O-C(=0)-0).*® A new XPS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XPS analysis of the PW/CNT-based cathode in the (a) Fe 2p, (b) Mn 2p, (c) C 1s, (d) N 1s, (e) O 1s, and (f) F 1s before and after activation.

peak at 293.0 eV (C-F) observed after activation of the PW/CNT
electrode indicates the presence of fluorinated organic species
that are formed after oxidative decomposition of fluoroethylene
carbonate (FEC) in the CEI layer.*>*° In the N 1s core-level
spectrum (Fig. 7(d)), peaks at 397.8, 398.4, and 401.4 eV corre-
spond to pyridinic, pyrrolic, and graphitic nitrogen species,
respectively. Note that similar spectroscopic characteristics were
observed for the PW/AB+PVDF electrodes (Fig. S10(a)-(d)).

The O 1s core-level spectrum of the PW/CNT cathode, as
shown in Fig. 7(e), exhibits two distinct peaks at 532.8 and
533.9 eV, which are attributed to surface hydroxyl groups and
crystal water, respectively.**> Following the activation process,

© 2025 The Author(s). Published by the Royal Society of Chemistry

no significant changes were observed in the intensity or width
of these peaks, indicating the chemical stability of oxygen
species in the PW/CNT electrode. In contrast, substantial
changes were observed in the O 1s spectrum of the PW/
AB+PVDF cathode after activation (Fig. S10(e)). Specifically,
activation led to a reduction and narrowing of the peak asso-
ciated with surface hydroxyls and a corresponding increase and
broadening of the peak associated with crystal water. These
changes suggest that water molecules initially present on the
electrode surface may have migrated into the PW crystal lattice,
resulting in the formation of interstitial water. Surface water in
composite electrodes can primarily originate from two sources:

Mater. Adv., 2025, 6, 6931-6943 | 6941
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(i) minor surface adsorption during sample transfer and hand-
ling and (ii) water generation via decomposition of the cath-
ode-electrolyte interphase (CEI).** The CNT-based conductive
network is effective in suppressing both water adsorption and
migration by maintaining a stable interfacial structure, thereby
mitigating side reactions involving water and reducing the risk
of transition metal dissolution in the PW cathode.** In Fig. 7(f), a
new peak appears at 685.0 eV in the F 1s core-level spectrum of the
PW/CNT cathode after activation. This peak is indicative of NaF
formation within the cathode-electrolyte interphase (CEI) layer on
the surface of the PW particles.*” In contrast, the F 1s spectrum of
the PW/AB+PVDF cathode before activation, as shown in Fig.
S10(f), displays only a single peak at 687.9 eV, which corresponds
to the CF, groups from the PVDF binder.*® After activation, the F
1s spectrum of the PW/AB+PVDF cathode exhibits two peaks: one
at 687.9 eV (CF,related) and another at 685.0 eV (NaF-related),
indicating the formation of NaF during cycling. Compared with
the PW/AB+PVDF cathode, the PW/CNT cathode exhibits the
formation of a denser NaF-rich CEI layer. This denser CEI layer
helps both Na" ion diffusion at near the PW particle surface due
to its higher Na' conductivity and suppress excess electrolyte
decomposition, thereby contributing to improved interfacial sta-
bility and electrochemical performance.®” This is consistent with
the impedance measurement results, as shown in Fig. 3(f).

Conclusions

An ultra-high content (>98 wt%) PW cathode was achieved
through the self-assembly of a homogeneous three-
dimensional (3D) carbon nanotubes (CNTs) network. By hybri-
dizing multi-walled carbon nanotubes (MW-CNTs) with a small
amount of single-walled carbon nanotubes (SW-CNTs) in an
optimized ratio, the PW/CNT cathode demonstrated enhanced
C-rate capability and improved long-term cycling stability, elim-
inating the need for polymeric binders. Systematic investigations
were carried out to characterize the structural features of the
composite electrodes. CNTs adsorbed on the surface of PW
particles were spontaneously incorporated into the intergranular
nanospaces, facilitating effective interparticle bridging within
the PW/CNT architecture. This study demonstrates that 3D grid-
like CNTs network uniformly distributed across the electrode
surface enhance electron transport and ensure sufficient inter-
facial contact with the electrolyte. Moreover, the intrinsic elasti-
city of CNTs is considered to help maintain the mechanical
integrity of the electrode structure. The 3D interconnected CNTSs
framework, which encapsulates the active material, enables
elastic expansion and contraction during charge/discharge
cycles, thereby mitigating the mechanical stress caused by volu-
metric changes in PW particles. Furthermore, this structure
effectively suppresses crack formation and prevents undesirable
irreversible phase transitions under high operating voltages,
thereby improving electrode stability and performance. The
material design strategy proposed in this work offers a promis-
ing approach for enhancing the energy density of SIBs while
simultaneously achieving high-rate capability and cycle life. This
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strategy may serve as a viable pathway for developing next-
generation cathode materials aimed at enabling extended driv-
ing ranges (e.g., ~250 km per charge) for electric vehicles (EVs).
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