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NaNi1/3Fe1/3Mn1/3O2 (NFM333) is a promising cobalt-free, high-capacity cathode material for sodium-ion

batteries, but suffers from poor cycling stability when prepared by the conventional tube furnace method

due to electroactive metal migration, leading to a passive surface layer. To address this challenge, a high-

temperature shock (HTS) method was employed. Compared to the tube furnace method, HTS offers a

rapid heating process that contributes to a more compact and ultra-uniform NaCaPO4 (NCP) coating,

leading to enhanced structural integrity and coating quality. The HTS method first enables the formation

of a compact and ultra-uniform NCP coating, which prevents nickel migration more effectively compared

to tube furnace-prepared NFM333 (Tu-NFM333). By preventing nickel migration, the surface residual

alkalinity is reduced, enhancing air stability and improving electrochemical performance. As a result, HTS-

treated NFM333 demonstrated 80% capacity retention after 1000 cycles at a 1C rate, while a pouch cell

retained 70% capacity after 700 cycles. The stabilization of NFM333 through HTS highlights a promising

approach for developing durable sodium-ion batteries.

Broader context
The cobalt-free cathode material NaNi1/3Fe1/3Mn1/3O2 (NFM333) emerges as a promising candidate for sodium-ion batteries owing to its high capacity and
significant industrial potential. However, the conventional tube furnace synthesis method often results in poor cycling stability, as prolonged heating can lead
to nickel precipitation, which diminishes the capacity of material. To mitigate this issue, a high-temperature shock (HTS) method was utilized for surface
modification using NaCaPO4, resulting in a dense and highly uniform coating that effectively suppresses nickel migration and enhances the material’s
structural integrity. Moreover, this uniform coating reduces surface residual alkalinity, thereby enhancing both air stability and electrochemical performance.
After HTS treatment, NFM333 retained 80% of its capacity after 1000 cycles at a 1C rate, while a pouch cell maintained 70% capacity retention after 700 cycles,
demonstrating the material’s excellent cycling stability.

Introduction

Sodium-ion batteries (SIBs) are a promising option for large-
scale energy storage due to high earth-abundance of sodium.1–3

Layered sodium transition metal oxides (NaxTMO2) have
attracted extensive research interest for high capacity and oper-
ating voltage. Generally, NaxTMO2 (0 o x r 1, TM: transition
metal) is composed of O3 and P2 phases. The O3–NaxTMO2, with
a high sodium content, stands out due to superior reversible and
reliable capacity among sodium-ion electrodes.4–6

Among various O3–NaxTMO2, cobalt-free cathode material
NaNi1/3Fe1/3Mn1/3O2 is cost-effective, eco-friendly, and structu-
rally stable.7–10 Nickel plays a key role by facilitating electron
transfer, thus enhancing capacity. However, nickel solubility in
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the O3 phase is strongly constrained by calcination temperature and
time, leading to NiO precipitates and degraded performance.11–15

An ultra-uniform coating technique can create a consistent
layer on cathode materials, avoiding cathode–electrolyte inter-
face degradation. This coating introduces a protective layer
that reduces side reactions, enhances stability, and improves
pathways for sodium-ion and electron transport. Furthermore,
this scalable method offers a practical approach for developing
next-generation sodium-ion batteries, with extended lifespan
and improved efficiency.16–18

Plastic crystals, discovered in 1935, are transitional states
with high ionic conductivity between crystalline materials and
liquids. Na3PO4, a sodium-based plastic crystal, changes from
low-symmetry a-Na3PO4 to high-symmetry cubic g-Na3PO4 at
about 600 K, improving ionic conductivity.19 g-Na3PO4 can be
stabilized at room temperature by substituting sodium with
elements like Mg, Al, and Ca. Hu and Sun showed that coating
sodium-ion cathodes with sodium-containing plastic crystals
removes excess sodium, protects against erosion, and enhances
sodium ion transport.20–24 These enhancements collectively
boost the electrochemical performance of the batteries. However,
the g-Na3PO4 is unstable at room temperature. Consistently
performing across a broad temperature range while ensuring an
even coating on the cathode material remains a significant
challenge.

In this work, we employed a high-temperature shock tech-
nique to synthesize NFM333. This approach results in reduced
surface alkali, and enhanced stability in air.25–30 To further
enhance the electrochemical performance, a plastic-crystal
coating was applied using HTS. It is found that HTS can
effectively prevent nickel separation and contribute to phase

purification of the coating layer, compared with tube furnace
(tube) synthesis. Rapid quenching in HTS also preserves the
g-phase coating and boosts the ion conductivity. In battery
performance tests, NaCaPO4-coated NaNi1/3Fe1/3Mn1/3O2 com-
posites synthesized by high-temperature shock (denoted as
HT-NCP@333) underwent 1000 charge–discharge cycles at a
1C rate, achieving a capacity retention of 80%. This capacity
retention significantly outperforms conventionally synthesized
materials, demonstrating superiority of HTS in stabilizing
battery performance. After 700 cycles at a 1C rate, the HT-
NCP@333//HC pouch cell also maintained a 70% capacity
retention, confirming its commercial viability and durability.

Results and discussion
Synthesis and structural characterization

Fig. 1 clearly illustrates the synthesis process of NaCaPO4

(NCP)-coated NFM333 (NCP@333), which incorporates HTS
and tube methods. The temperature distribution on the nickel
foil surface during the HTS process demonstrates uniform and
stable temperature control (Fig. S4(a), ESI†). The spherical
NFM333 precursor, synthesized via co-precipitation with a
D50 (D50 is the particle size at which half of the particles are
larger, and half are smaller) of B6 microns, is used for HTS and
tube thermal treatments (Fig. S1 and S2, and Table S1, ESI†).
The heating and cooling rates are increased to reach the target
temperature within 2 s, and the temperature curve is shown in
Fig. S4(b) (ESI†). The process begins with pre-calcination at
around 500 1C for 60 seconds to remove organic components,
followed by final calcination at B835 1C for 60 seconds,

Fig. 1 Schematic illustration of the formation process of HT-NCP@333 and Tu-NCP@333.
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forming HT-NCP@333 (Fig. 1). Despite the rapid synthesis with
minimal thermal ramping and cooling periods, the products
maintain a fine crystalline structure. The HT-NCP@333 synthe-
sized via the HTS method features a uniform and single-phase
plastic crystal coating. After calcination, a green layer (identi-
fied as Na3MnO4) appeared on the crucible surface used for
uncoated samples. Whereas no such byproduct was detected on
the crucible surface used for NCP-coated counterparts (Fig. S8,
ESI†). This phenomenon aligns well with the XRD analyses
presented in Fig. S9 (ESI†) and Fig. 2, confirming that NCP
coating can effectively suppress the formation of surface impu-
rities (Na3MnO4) during calcination. The high-angle annular
dark field scanning transmission electron microscopy (HAADF-
STEM) image of HT-NCP@333, reveals a highly crystalline
structure. The HAADF image of the HT-NCP@333 cathode

material demonstrates high crystallinity, structure integrity
and the potential for high electrochemical performance
(Fig. S3, ESI†). In contrast, the tube furnace synthesized NCP@
333 (Tu-NCP@333) presents a complex surface structure, com-
prising the coating layer, unstable NiO rock salt phases and
residual alkalis resulting from interactions with atmospheric
water or CO2 (Fig. 1). The Tu-NCP@333 was synthesized using a
tube and HTS methods. X-ray diffraction (XRD) refinement
shows that both HT-NCP@333 and Tu-NCP@333 exhibit a
well-defined layered structure (Fig. S9, ESI†). In contrast, the
HTS method results in a purer product with fewer impurities as
evidenced by XRD patterns and improved refinement para-
meters (Rw = 2.13%, Rwp = 1.08%, w2 = 1.27). This demonstrates
superiority of the HTS method for synthesizing high-purity
NFM333 layer oxides. The crystallographic parameters are

Fig. 2 Structural comparison between HT-NCP@333 and Tu-NCP@333. (a) XRD patterns for 0.5, 1, 3, and 5 mol% NCP@333 synthesized by HTS and
tube. (b) and (c) Refined synchrotron X-ray diffraction pattern of the HT-NCP@333 and Tu-NCP@333 samples. (c) HAADF-STEM of HT-NCP@333 surface
showing an architecture consisting of Region I and II, separated by the dashed lines. (d) HAADF-STEM of HT-NCP@333 surface showing an architecture
consisting of regions I, II and III, corresponding reduced fast Fourier transform (FFT) image of the selected area (orange and blue squares). (e) HAADF-
STEM of Tu-NCP@333, inverse fast Fourier transformed (IFFT) images and corresponding FFT patterns of selected regions I, II and III (orange, green and
blue squares); atomic column localization of the layered structure phase and the NiO rock-salt phase, with region II separated by orange dashed lines.
(f) and (g) STEM images and the corresponding EDS element maps of Ni, Fe, Mn, Ca and P for HT-NCP@333 and Tu-NCP@333. (h) Ex situ Ni 2p XPS
spectra of HT-NCP@333 and Tu-NCP@333.
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listed in Tables S3 and S4 (ESI†). The scanning electron micro-
scopy (SEM) images show that HTS-synthesized NFM particles
(HT-333) have a rough but uniform surface composed of primary
particle aggregates. In contrast, tube-synthesized particles exhibit
surface defects due to prolonged thermal treatment, as high-
lighted by the blue annotations (Fig. S5, ESI†). Ca 2p X-ray
photoelectron spectroscopy (XPS) analysis shows that calcium is
integrated into the structure of Tu-NCP@333 and HT-NCP@333
(Fig. S29, ESI†). However, excessive calcium doping has led to the
penetration of calcium ions into the interior of NCP@333.
Although this doping enhances the electrochemical performance
of O3 cathode materials, the mechanism lying behind this
improvement remains unclear.31

Density functional theory (DFT) was used to study the effects
of calcium doping on the electronic structure and phase
transition of Na–Ni–Mn–O oxide materials. Fig. S6 (ESI†) shows
the projected density of states (PDOS) and the electron localiza-
tion function (ELF) of both Ca-doped and undoped NaNi1/3Fe1/3-
Mn1/3O2. Ca-doping increases the density of electronic states
near the Fermi level, suggesting improved electrical conductivity
and electron mobility.32 Moreover, significant alterations in
d-orbital contributed by iron, nickel, and manganese suggesting
a reallocation of charge, enhanced charge conductivity. Ca-
doping reduces the energy levels of the cathode, prompts
electron localization due to additional electrons from calcium,
and improves catalytic and electrochemical functions. Broadly,
calcium doping augments electron localization, structural
robustness, and redox reversibility, underscoring its importance
in refining material properties for targeted technologies. XPS
and Fourier transform infrared (FTIR) spectroscopy results reveal
that Tu-NCP@333 exhibits more surface residual alkalis, indi-
cated by stronger carbonate presence and potential CO2 genera-
tion. In contrast, the HT-NCP@333 has fewer residual alkalis,
indicating that HTS is a more appropriate approach for high
surface purity and reactivity (Fig. S7 and S10, ESI†).

Fig. 2(a) shows the X-ray diffraction (XRD) patterns of HT-
333 and Tu-333 coated with 1, 3, and 5 mol% NCP, respectively.
The patterns reveal pronounced peaks of the NCP phase, which
become sharper and more intense with increasing coating
content. With increasing NCP coating content, increased Ca
doping in the bulk phase shifts the diffraction peaks to lower
angles due to further lattice expansion. Notably, Tu-NCP@333
demonstrates additional characteristic peaks of the NiO rock
salt phase, whose peak intensity becomes more pronounced
with increasing coating amount. In contrast, the HTS method
effectively preserves the original O3 structure of HT-NCP@333
across all coating amounts without introducing impurities,
demonstrating its superiority in preserving stability and
refraining impurity formation during synthesis. Synchrotron
XRD patterns in Fig. 2(b) and (c) confirm these findings. The
HT-NCP@333, shown in Fig. 2(b), exhibits no NiO impurities
and better crystallographic quality. Refined parameters for
the HT-NCP@333 (Rw = 4.6%, Rwp = 2.3%) are lower than
Tu-NCP@333, suggesting improved fitting quality and phase
purity. The Rietveld refinement results are detailed in Tables S5
and S6 (ESI†). The characterization results revealed a c-lattice

parameter of 15.633 Å for the Tu-NCP@333. In contrast, the
c-lattice parameter for the HT-NCP@333 sample is slightly
longer at 16.026 Å. This increase suggests enhanced sodium
ion transport efficiency in the HT-NCP@333, illustrating the
superiority of the HTS method to produce high-purity NFM333
layered oxide materials with NCP coatings. Fig. 2(d) and (e)
shows HAADF-STEM images of HT-NCP@333 and Tu-NCP@
333 cathode microparticles, respectively. In Fig. 2(d), NCP
nanoparticles are tightly packed without gaps from the sub-
strate, marked by a dotted line. The NCP film is approximately
8 nm thick. The insets on the right show their fast Fourier
transform (FFT) analysis, revealing a uniform NCP coating layer
formed through HTS synthesis, which prevents the formation
of NiO rock-salt structures. Fig. 2(e) highlights three distinct
textured areas, labeled as I, II, and III, representing different
layers in Tu-NCP@333. The NCP coating is dispersed over the
material surface in region III. Additionally, the surface of the
NFM333 cathode materials shows significant changes, transi-
tioning from a layered R%3m structure to an Fm%3m space group
rock-salt structure, usually associated with sodium deficiency.
A contaminant phase of rock-salt NiO is visible on the surface,
marked by a crimson border in the upper right sub-panel I and
II, suggesting structural irregularities that might affect the
material performance. To demonstrate this point, an innovative
AI-assisted technique for segmenting phases atom-by-atom was
utilized to automatically identify the NiO rock salt phase within
the O3 matrix from super-resolution images.33 This approach
automatically segmented phases at an atomic level. Fig. 2(e) of
section II, shows a map illustrating the clearly defined NiO rock
salt phase on the particle surface. Moreover, the lower right
sub-panel shows additional fast Fourier transform (FFT) analysis,
providing intricate insights into atomic spacing and orientation.
These observations are imperative for assessing the material
phase constitution and the existence of diverse crystalline config-
urations within the particles. Elemental maps of the coating
samples were performed using energy-dispersive spectroscopy
(EDS), which confirms a higher concentration of Ni on the surface
of Tu-NCP@333. This suggests that Ni segregates from the
material matrix to the surface. Conversely, in the HT-NCP@333,
Ni is uniformly distributed (Fig. 2(f) and (g)). Additionally, the
results clearly demonstrate the successful deposition of the plastic
crystal-NCP on the surface of NFM333. Transmission electron
microscopy (TEM) images reveal detailed structural characteristics
of Tu-NCP@333, showing a rock-salt NiO surface alongside an
NCP coating (Fig. S11(a), ESI†). High-resolution TEM (HRTEM)
analysis identifies distinct lattice fringes with spacings of approxi-
mately 2.41 Å and 2.62 Å, corresponding to the crystal planes of
NiO and NCP, respectively. In contrast, the HT-NCP@333 shows a
consistent NCP coating without impurities formation, indicating
a more stable crystal structure (Fig. S11(b), ESI†). XPS analysis
reveals that the HTS synthesized material mainly contains Ni2+,
whereas the Tu-NCP@333 has a trace amount of Ni3+ (Fig. 2(h)).
In the process of material synthesis, inconsistent distribution of
nickel on the Tu-NCP@333 surface is caused by segregation.
High-temperature shock provides significant advantages over
traditional tube furnace calcination by producing O3 structured
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materials with enhanced thermodynamic stability. The rock salt
phase on the outer surface impedes the transport of sodium ions
due to its poor ionic conductivity.34

To examine NiO structure precipitates, Fig. S12(a) (ESI†)
compares the XRD patterns of HT-333 and Tu-333, with 5 mol%
calcium doping and 5 mol% Na3PO4 coating. Calcium doping
did not cause Ni segregation in either method. However, NiO
precipitation was observed in Na3PO4-coated materials created
via the tube method, compared with HT-Na3PO4@333. This is
because sodium in the coating layer reduces the sodium
needed for synthesis, leading to sodium-deficient materials.
Fig. S12(b) (ESI†) confirms the phase formation in sodium-
deficient NFM333 materials of both HT-333 and Tu-333 with a
Na content of 0.95 mol%. NiO precipitation was detected only
in materials synthesized via the tube method. Fig. S13 (ESI†)
compares the XRD patterns of 5 mol% NCP@333 during
different holding times. It can be seen that NiO is primarily
formed due to extended high-temperature exposure rather than
rapid cooling. This clarifies the occurrence of NiO impurities in
materials produced by the tube method. XRD patterns of
5 mol% NCP@333 during different dwelling times in the pipe
process show an increase in the NiO rock-salt phase with longer
holding periods (Fig. S14, ESI†). This suggests that extended
dwelling time is the main reason for Ni segregation in the
material. Fig. S15 (ESI†) compares the electrochemical perfor-
mance of HT-NCP@333 and Tu-NCP@333 without dwelling. HT-
NCP@333 demonstrates better performance due to accelerated
thermodynamics, enhanced stability and reduced surface alkali
residues. Conversely, Tu-NCP@333 without dwell exhibits infer-
ior performance, and hindered evaluations. To further validate
the applicability of HTS, Na3�3xAlxPO4@333, NaMgPO4@333,
and NaTi2(PO4)3@333 were synthesized using both the HTS
and tube methods. Materials produced via HTS have no impu-
rities. In contrast, those synthesized by the tube method show
NiO segregations. This further highlights the superior capability
in synthesizing cathode materials of HTS, particularly for O3
cathodes (Fig. S16, ESI†).

Electrochemical performance

The sodium storage capabilities of HT-NCP@333 and Tu-
NCP@333 were evaluated in half cells. Fig. S17 (ESI†) shows
the electrochemical behavior of HTS cathodes with different
NCP concentrations (1 mol%, 2 mol%, 3 mol%) on NFM333.
The 1 mol% NCP-coated cathode has better initial capacity and
cycling stability, making it the benchmark to compare HT-
NCP@333 and Tu-NCP@333. Fig. 3(a) compares the electro-
chemical behaviors of the Tu-333 and HT-333 cathode materi-
als, showing similar initial capacities of around 147 mA h g�1

across a voltage range of 2.0–4.0 V at the discharge rate of 0.1C.
However, the Tu-NCP@333 recorded the lowest capacity at
138 mA h g�1, attributable to the NiO impurities on its surface,
which impedes ion transport. The cyclic voltammetry curves
(Fig. 3(b) and (c)) further illustrate these performance dispa-
rities. The HT-NCP@333 cathodes maintain consistent perfor-
mance over multiple cycles, indicating stable electrochemical
properties. In contrast, the Tu-NCP@333 cathodes exhibited

significant performance degradation after the first cycle, which
is due to material alterations or irreversible reactions with the
electrolyte. Fig. 3(d) illustrates the cycling performance of HT-
NCP@333 and Tu-NCP@333. The tests were conducted at a 1C
discharge rate and 30 1C, within a voltage range of 2.0–4.0 V.
Uncoated materials of both HT-333 and Tu-333 have lower
cycling stability. In contrast, coated materials exhibit enhanced
stability, with the Tu-NCP@333 sample retaining 52.5% of its
capacity after 1000 cycles. In contrast, HT-NCP@333 shows
capacity retention of 80% after 1000 cycles, underscoring its
significantly enhanced stability. This can be attributed to
higher purity and structural integrity. Regarding rate perfor-
mance (Fig. 3(e)), the HT-NCP@333 cathode maintains consis-
tent capacities across various cycling rates (0.1, 0.5, 1, 2, 5, 10,
and 20C), with capacities of 149.1, 137.1, 132.1, 126.3, 115.7,
102.5, and 81.6 mA h g�1, respectively. In comparison, the Tu-
NCP@333 cathode exhibits lower discharge capacities at the
same rates, with values of 146, 135.2, 130.7, 124.8, 114.3, 99.9,
and 69.2 mA h g�1, respectively. These results clearly demon-
strate that the surface-modified NaCaPO4 enhances the Na+

diffusion coefficient and facilitates the kinetics of the cathode
reaction in anionic redox reactions, resulting in improved rate
performance. Fig. S22(a) (ESI†) displays the low-temperature
cycling performance (�25 1C) of two materials. HT-NCP@333
shows a discharge capacity of B115 mA h g�1 and capacity
retention of 83% after 200 cycles, significantly outperforming
the Tu-NCP@333. Fig. S22b (ESI†) indicates that at 45 1C, after
270 cycles, HT-NCP@333 retains B80% capacity retention, in
contrast to Tu-NCP@333 of B73%. The superior performance
of HT-NCP@333 in extreme conditions is derived from the
ultrastable structure. Electrochemical impedance spectroscopy
(EIS) shows that the HT-NCP@333 cathode has a smaller
increase in impedance over several cycles compared to Tu-
NCP@333, indicating better stability and electrochemical inter-
face performance during cycling (Fig. S15, ESI†). The galvano-
static intermittent titration technique (GITT) and cyclic
voltammetry (CV) curves at various sweep rates assay were
utilized to evaluate the diffusivity of Na+ in Tu-NCP@333 and
HT-NCP@333, as depicted in Fig. 3(f) and Fig. S19 and S20
(ESI†). The diffusion coefficient of Na+ in HT-NCP@333 ranges
from 10�9 to 10�10 cm2 s�1, which is one order of magnitude
higher than that observed for Tu-NCP@333. These measure-
ments demonstrate that HT-NCP@333 has superior rate and
cycling performance due to enhanced structural stability and
higher Na-ion diffusion coefficients. XRD patterns show that the
O3-type layered material undergoes structural changes after 3
and 7 days of exposure (Fig. S21, ESI†). Materials synthesized by
HTS exhibit better air stability compared to those synthesized by
tube, especially after 7 days, as demonstrated by smaller degra-
dation peaks of NiO and Na2CO3. HT-NCP@333 maintained
higher specific capacity with smaller voltage drops, demonstrating
superior electrochemical performance (Fig. 3(g)). However,
increased polarization and significantly reduced capacity were
observed in the Tu-NCP@333, attributed to surface alkaline
impurities. These results highlight the superior performance of
HT-NCP@333, especially in discharge capacity, loading, cycle life,
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and capacity retention, surpassing NFM333 materials reported
over the past three years (Fig. 3(h)).35–43

Redox mechanism and structural evolution upon
electrochemical cycling

The structural evolution of Tu-NCP@333 and HT-NCP@333
during initial charge–discharge cycles was investigated using
in situ XRD. The initial charging process changes the crystal
structure of Tu-NCP@333. Specifically, the (104) peak of the O3
phase shifts to a higher angle and splits into (111), while the
(003) peak moves to a lower angle, becoming the (006) peak of
Tu-NCP@333. These changes lead to the formation of a mono-
clinic O03 phase with a C2/m space group, resulting from the
collective Jahn–Teller distortion involving Ni3+O6 complexes.44

Both O3 and O03 phases have rhombohedral structures.
This similarity contributes to performance degradation during

cycling (Fig. 4(b) and Fig. S23(b), ESI†). In contrast, HT-NCP@
333 maintains better structural stability as it does not transit
into an O03 phase. As the charging voltage increases to around
3.9 V, the (003) diffraction peaks of HT-NCP@333 electrodes
shift to higher angles and become broader, without significant
peak splitting. This is attributed to the formation of an OP2-like
stacking structure. An O/P intergrowth phase transition occurs
below 4.0 V, which is significantly lower than the documented
4.2 V. This lower voltage threshold helps inhibit lattice and
interlayer expansion, thus maintaining structural integrity at
higher voltages. However, the Tu-NCP@333 electrodes only
undergo a phase transition from O03 to P3, without an inter-
mediate OP2 phase (Fig. 4(a) and Fig. S23(b), ESI†). Rietveld
refinement of in situ XRD data reveals the lattice parameters
(Fig. 4(c) and (d)). The diffraction peaks of (003) and (006) for
HT-NCP@333 and Tu-NCP@333 shift to smaller angles due to

Fig. 3 The electrochemical properties of NFM333 cathodes. (a) Charge–discharge curves of HT-333, HT-NCP@333, Tu-333 and Tu-NCP@333
cathodes at 0.1C (here 1C is defined as 140 mA g�1) during the first cycle in half cells. Initial to fourth cyclic voltammetry (CV) curves of (b) HT-
NCP@333 and (c) Tu-NCP@333. (d) Cycling performance of HT-333, HT-NCP@333, Tu-333 and Tu-NCP@333, respectively. (e) Rate performance
of HT-333, HT-NCP@333, Tu-333 and Tu-NCP@333, respectively. (f) Calculated Na+ diffusivity from the galvanostatic intermittent titration technique
(GITT) of HT-NCP@333 and Tu-NCP@333, respectively. (g) Initial galvanostatic charge–discharge curves and cycling performance of HT-NCP@333 and
Tu-NCP@333 electrodes upon 7 days of air exposure. (h) Comparison of the electrochemical performance of the half-cell using HT-NCP@333 with other
NFM333 cathode materials reported in previous research.
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the increased c lattice parameter derived from expanded Na
interlayer spacing. In contrast, the (101) and (012) peaks shift to
higher angles due to a reduction in the lattice parameter,
attributed to the contraction of the TM–TM bonds. In a fully
charged state, HT-NCP@333 exhibits a minimal 2.2% change in
c lattice parameter compared to its initial state. This highlights
the excellent structural stability of HT-NCP@333, which in turn
accounts for its excellent capacity retention during extended
cycles. These findings indicate that the HT-NCP@333 experi-
ences simpler and more reversible phase transitions during Na+

extraction and insertion. Consequently, this leads to a more
stable crystal structure, increased battery capacity, and
enhanced cycling stability. X-ray absorption near-edge spectro-
scopy (XANES) measurements characterized the valence states
and coordination of transition metal (TM) ions in HTS and tube
cathodes, revealing distinct behaviors during charge and

discharge cycles (Fig. 4(e) and Fig. S24, ESI†). Upon charging
to 4.0 V, both HT-NCP@333 and Tu-NCP@333 exhibit changes
in the nickel valence state from Ni2+ to Ni4+. Simultaneously,
the HT-NCP@333 shows a more significant increase in energy
levels compared to the Tu-NCP@333. This suggests a higher
initial capacity for the HT-NCP@333. Notably, after discharging
to 2.0 V, the Tu-NCP@333 retains a significant shift from
its pristine state, suggesting irreversible changes impacting
the stability and cycling life. XPS analysis indicates that HT-
NCP@333 consists solely of Ni2+. Conversely, Tu-NCP@333, due
to NiO impurities, incorporates a minor fraction of Ni3+ within
its structure (Fig. 2(h)). These observations align well with
XANES data, highlighting a greater concentration of charge-
compensating Ni2+ in the HT-NCP@333 cathode, which
improves its initial specific capacity. The Fe K-edge spectrum
shifts to a higher energy level, indicating the oxidation of Fe3+

Fig. 4 Structural characterizations and kinetic analysis of the electrochemical behavior for HT-NCP@333 and Tu-NCP@333 electrodes. Initial charge
curves, contour maps of in situ XRD of (a) HT-NCP@333 and (b) Tu-NCP@333. Evolution of lattice parameters (a-axis, c-axis) calculated from the in situ
XRD data of (c) HT-NCP@333 and (d) Tu-NCP@333. (e) X-ray absorption near-edge structure of Ni K edges of HT-NCP@333 and Tu-NCP@333 during
the first charge and discharge. In situ DRT analysis of (f) HT-NCP@333 and (g) Tu-NCP@333 during charge and discharge processes. (h) DSC curves of
HT-NCP@333 and Tu-NCP@333 cathodes charged to 4.0 V at a heating rate of 5 1C min�1 after 5 cycles.
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to Fe4+ (Fig. S24, ESI†). Compared to the Tu-NCP@333, the HT-
NCP@333 electrode maintains a stable peak intensity and edge
position, with only a minor change in the K-edge shape due to
alterations in the local Fe environment, emphasizing the high
structural reversibility of HT-NCP@333. Fig. S25 (ESI†) shows
the extended X-ray absorption fine structure (EXAFS) spectra for
nickel and iron, which indicates a reduction in the interatomic
distances within the first coordination shell of nickel and a
decrease in the Fourier transform amplitude. These changes
suggest redox activity in nickel during electrochemical cycling,
along with the contraction of TMO6 octahedra. These findings
align well with the reduction in the lattice parameter observed
in XANES and the refined XRD in Fig. 4(c). Conversely,
the surrounding structure of Fe ions shows no change. This
comparative analysis highlights the differences in electroche-
mical response and stability between the two materials, which
is critical for optimizing battery performance and durability.
We further utilized in situ electrochemical impedance spectro-
scopy (EIS) to analyze the electrochemical dynamics of tube-
NCP@333 and HT-NCP@333 during various phase transitions.
Analysis of Nyquist plots during the charging process
(Fig. S26(a), ESI†) reveals two characteristic incomplete semicir-
cles. These correspond to the high-frequency impedance of the
solid electrolyte interphase (SEI) layer and the low-frequency

charge transfer impedance. Additionally, we employed the dis-
tribution of relaxation times (DRT) technique to investigate sub-
steps in the electrode processes.45 This method effectively
identifies the number, contributions, and characteristic time
constants of polarization processes in secondary batteries. As
shown in Fig. S28 (ESI†), peak values in the high-frequency
region (t = 10�5 to 10�3) are linked to the particles and their
interface with the current collector (D1 and D2). The mid-
frequency region (t = 10�3 to 10) corresponds to the charge
transfer process (D3 and D4). Meanwhile, the low-frequency area
(t = 10 to 102) is primarily due to the sodium ion intercalation
process (D5).46,47 The peaks in the DRT analysis, alongside their
corresponding kinetic processes, are detailed in Table S7 (ESI†).
During the charging process, the D3 and D4 values of the HT-
NCP@333 are significantly lower than those of the Tu-NCP@333,
indicating more efficient ionic transport at the interface of the
HTS (Fig. 4(f) and (g)). The primary difference arises from the
uniform coating on the surface of HT-NCP@333 with the plastic
NCP, which enables efficient ion transport due to the absence of a
rock salt passivation layer. Without this coating, materials show
significantly higher impedance during charging. This underscores
the vital importance of NCP modification (Fig. S26(b), ESI†).
Additionally, corresponding to the in situ XRD results, significant
changes in the D3 and D4 values are observed in the Tu-NCP@333

Fig. 5 Evolution of the surface chemistry and structure for the HT-NCP@333 and Tu-NCP@333 electrodes after 500 cycles. SEM images for the (a) HT-
NCP@333 and (b) Tu-NCP@333 cathodes after 500 cycles. The TEM image of (c) HT-NCP@333 and (d) Tu-NCP@333 after 500 cycles and corresponding
localized strain distribution analysis by GPA (white squares region). XPS analysis of C 1s and O 2p for (e) HT-NCP@333 and (f) Tu-NCP@333 after 500
cycles.
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when the voltage reaches 3.3 V, reflecting complex phase transi-
tions within its structure. In contrast, the HTS material exhibits
almost no structural changes during the deintercalation of
sodium ions, indicating better structural stability. The in situ
EIS impedance spectra and fitting results are listed in
Fig. S26(a) and S27 (ESI†). Fig. 4(h) compares the differential
scanning calorimetry (DSC) outcomes for HT-NCP@333 and Tu-
NCP@333 after 5 cycles. At 253 1C, HT-NCP@333 exhibits a thermal
decomposition peak with an energy release of 171.68 J g�1, which is
much lower than the 264 1C peak of Tu-NCP@333. This suggests
that HT-NCP@333 decomposes more efficiently with less heat and
shows greater thermal stability. This behavior aligns with its
performance in high-temperature electrochemical tests.

The structural durability and completeness of the cathode
after cycling were performed using SEM, HRTEM and geo-
metric phase analysis (GPA). After 500 cycles at a 1C current
density, SEM analyses of HT-NCP@333 and Tu-NCP@333 at
half-charge show notable structural changes. The Tu-NCP@333
exhibits significant cracks and surface disruptions (Fig. 5(b)
and Fig. S29(b), ESI†). This damage is likely due to the instability
of the NiO rock salt phase, leading to microcracks. These cracks
and particle fragmentation increase the specific surface area of
the materials, which facilitates the rapid formation of new
cathode–electrolyte interfaces (CEI).48 The formation of CEIs
depletes sodium ions and increases battery polarization, which
contributes to capacity degradation. In contrast, the HT-NCP@333

exhibits minimal cracking (Fig. 5(a) and Fig. S29(a), ESI†). The
inner composition of cathodes within cycled cathode materials
was observed using transmission electron microscopy (TEM). Due
to decomposition during sample preparation and electron beam
exposure, the CEI film is not observed. HRTEM images indicate
significant lattice distortions and dislocations within the grains of
Tu-NCP@333, which is caused by the propagation of microcracks
into the material (Fig. 5(d)). In contrast, the HT-NCP@333 main-
tained a well-preserved crystalline structure post-cycling. The
atomic arrangement in HT-NCP@333 remains ordered, without
significant lattice distortions or mismatches (Fig. 5(c)). GPA
analysis of selected regions also demonstrates that the HT-
NCP@333 experienced less and more uniform internal strain.
These observations indicate that the HTS method effectively
suppresses the formation of surface rock-salt phases, mitigates
adverse structural changes during cycling, and enhances cycling
stability. Fig. 5(e) and (f) show XPS spectra detailing the surface
composition of HT-NCP@333 and Tu-NCP@333 electrodes in the
C 1s and O 2p regions. Both electrodes exhibit CQO and C—O
groups, resulting from the decomposition of the electrolyte
solvent (EC, DEC). The CFx peaks, including CF3 and CF2, are
related to NaPF6 and the PVDF binder.49,50 In comparison, the
HT-NCP@333 electrode shows reduced byproduct formation after
cycling, indicating a more stable interface and thinner CEI layer.
This suggests that its surface can mitigate side reactions with the
electrolyte more effectively, facilitating enhanced Na+ transport.

Fig. 6 (a) Schematic of the HT-NCP@333//HC pouch full cell. (b) Initial charge–discharge profiles of HT-NCP@333 and hard carbon (HC) with a capacity
ratio of 1.1 : 1 of electrodes (negative and positive). (c) Charge–discharge profile at 0.1C, 0.5C, 1C, 2C, 5C and 7.5C of the HT-NCP@333//HC pouch cell.
(d) Cycling performance of HT-NCP@333//HC at a current rate of 1C.

Energy & Environmental Science Paper

Pu
bl

is
he

d 
on

 1
7 

Fe
br

ua
ry

 2
02

5.
 D

ow
nl

oa
de

d 
by

 S
ha

nx
i U

ni
ve

rs
ity

 o
n 

2/
18

/2
02

5 
6:

05
:3

6 
A

M
. 

View Article Online

https://doi.org/10.1039/d5ee00217f


Energy Environ. Sci. This journal is © The Royal Society of Chemistry 2025

These findings support the idea that HTS treatment stabilizes
the electrode surface more effectively, leading to improved
performance.

Modulation toward practical applications

The schematic of the sodium-ion pouch cell is depicted in
Fig. 6(a). To evaluate the application potential of HTS and HT-
NCP@333 materials, pouch cells were constructed using HT-
NCP@333 as the cathode and hard carbon (HC) as the anode.
At a current density of 15 mA g�1, the reversible specific capacity
of the cathode and anode is recorded at 147.3 mA h g�1 and
294 mA h g�1, respectively (Fig. 6(b)). This resulted in a capacity
ratio of 1.1 : 1 between the negative and positive electrodes. The
HT-NCP@333//HC pouch cell exhibits a capacity of 0.3 Ah and
an energy density of 115 W h kg�1, based on total weight of the
cell (Table S8, ESI†). During rate cycling tests at 1C, the cell
delivered a capacity of approximately 108 mA h g�1, referring to
the cathode active mass, and maintained a 66% capacity retention
when the rate is increased to 7.5C (Fig. 6(c)), indicating excep-
tional rate performance. Additionally, after 700 cycles at 1C, the
cell preserves B70% of its initial capacity, with all coulombic
efficiency (CE) surpassing 99.9%, as illustrated in Fig. 6(d). After
700 cycles, the pouch cell can keep the fan running. These results
underscore the significant practical potential of HT-NCP@333.
The enhanced safety and efficacy of HTS synthetic materials in
pouch cells underscores their extensive potential for application
in sodium-ion batteries (SIBs).

Conclusions

In this study, we introduced an innovative high-temperature
shock (HTS) technique to synthesize the uniformly coated
HT-NCP@333 material. The HTS process involves rapid heating,
cooling, and a brief dwelling period, which facilitates homogeneous
material distribution and uniform coating. This uniformity
effectively prevents nickel segregation, as confirmed by
HAADF-STEM and synchrotron radiation XRD analyses. The
HTS technique ensures crack-free morphology of the HT-
NCP@333, which refrains transition metal migration, avoids
performance degradation during cycling, and significantly
enhances its electrochemical performance. Specifically, the
HT-NCP@333 retains 80% capacity after 1000 cycles at a 1C
rate, which dramatically enhanced compared to 52.5% of the
Tu-NCP@333. Additionally, HT-NCP@333//HC pouch cells
maintain over 70% capacity after 700 cycles. The HTS method
shows excellent scalability and commercialization potential for
the sustainable development of sodium-ion battery technology.
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