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Abstract: NaCugoFeo3Mng 50, (NCFM) cathode material was synthesized using a simple solid-state reaction, and the
effect of calcination temperature on its interlayer spacing and oxygen vacancies concentration was investigated. Through
electrochemical testing and material characterizations, higher calcination temperatures increase the electrostatic repulsion
between oxygen atoms in adjacent layers, resulting in an expansion of Na layer spacing. This structural change enhances
the diffusion kinetics of Na*, thereby significantly improving the rate performance of NCFM. Furthermore, elevated
calcination temperatures facilitate the reduction of oxygen vacancies, leading to improved crystallinity. This enhancement
in crystallinity mitigates structural strain during phase transitions, contributing to improved cyclic stability. Consequently,
the optimized NCFM shows an initial discharge specific capacity of 143.3 mA-h/g at 0.1C, with a capacity retention rate
of 79.28% after 100 cycles at 1C.
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reserves leads to elevated costs. In contrast, sodium-

1 Introduction

Lithium-ion batteries (LIBs) have become
prevalent in high-power applications for consumer
electronics and electric vehicles, primarily due to
their superior electrochemical performance [1-3].
However, the limited and uneven distribution of Li
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ion batteries (SIBs) utilize abundant and low-cost Na
resources, exhibiting chemical properties similar to
those of LIBs, thereby presenting a viable alternative
for large-scale energy storage applications [4,5].
Over the past decade, a variety of cathode materials
have been explored for SIBs, including transition
metal (TM) layered oxides, polyanionic compounds,
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and Prussian blue analogues. In particular, layered
transition metal oxides (Na,TMO,, where TM
represents Fe, Mn, Ni, Cu, Cr, etc.) are highly
noticeable due to their high theoretical capacity, open
framework, and facile synthesis [6—9].

Typically, Na,TMO; compounds are generally
categorized into two structural types (P2 and O3),
where P and O represent prismatic and octahedral
sites occupied by Na’, respectively, and the latter
number refers to the stacking period of TMO»-layers
in the cell unit [10—12]. The P2 phase exhibits
superior cyclic stability and rate performance,
attributed to the direct and rapid diffusion of Na*
between the trigonal prismatic Na sites. However, its
low initial coulombic efficiency (ICE) has hindered
its widespread practical application [13]. Conversely,
O3-phase cathode, which possesses adequate Na
content, provides high power density. However,
it is plagued by one or more complex phase
transformations that occur due to Na' diffusion
through  the face-shared tetrahedral sites
(intermediate sites) during the sodiation and
desodiation processes, resulting in limited cycle
stability and poor rate performance [14—17]. A
common strategy to enhance electrochemical
performance involves the optimization of the
microscopic crystal structure. For example, LI
et al [18] changed the lattice parameters of
Nap.7Mnp.7Nig3-+Co,O> (x=0, 0.1, 0.3) by replacing
Ni with Co, thus showing high-rate and cycling
performance. WANG et al [19] found that replacing
Fe or Mn element in Nag.7Mno sFeosO, with Al could
increase the d-spacing and Na—O bond length of the
material, which was more conducive to the diffusion
of Na*. Similarly, LI et al [20] partially introduced
AI** into NaFe;;3Ni;sMn;;0: to reduce the lattice
parameter a and thus enhance the structural stability.
Although the introduction of heteroatoms into the
parent phase can effectively modify the microscopic
crystal structure of the material, the controllability of
the crystal structure is highly sensitive to the
elemental content and composition, which presents
significant challenges for the precise synthesis of
Na,TMO,. Furthermore, the doping process often
necessitates  additional procedural steps and
increases material costs, thereby elevating both the
complexity of the process and the overall preparation
costs.

In contrast, the control of -calcination
temperature has been unequivocally demonstrated as

an effective approach for the precise regulation of the
structure of crystalline materials. However, research
focusing the effects of calcination temperature
control on the interlayer spacing and oxygen
vacancies in Na,TMO, crystals remains limited to
date. Therefore, in this study, the effect of calcination
temperature on the morphology, microstructure,
crystallinity, and electrochemical performance of
0O3-phase NaCug2Feo3MngsO, (NCFM) cathode
material was investigated. The interlayer spacing and
oxygen vacancies of NCFM were assessed using
various analytical techniques, and the mechanisms
underlying crystal structural evolution were
examined. The research results reveal a strong
relationship between calcination temperature and
both interlayer spacing and oxygen vacancies within
the crystal structure. Furthermore, the effects of
these parameters on electrode reaction kinetics,
structural stability, and electrochemical performance
were elucidated. These findings provide valuable
insights and academic guidance for future structure
modulation of sodium-ion O3-type layered cathode
materials with high energy density and stability.

2 Experimental

2.1 Preparation of NCFM

Pure O3-phase layered metal oxides can be
synthesized when the Cu/Fe/Mn molar ratio is
maintained at 0.2:0.3:0.5 (Fig. S1 in Supporting
Materials (SM)). The precursors utilized in this
process include Fe,Os; (Macklin, 99 wt.%), Mn,Os
(Macklin, 99 wt.%), CuO (Macklin, 99 wt.%),
and Na,CO; (Macklin, 99.8 wt.%), which were
combined through a simple solid-state reaction to
prepare the samples. Subsequently, the mixed
metallic oxide powders were subjected to grinding in
a stainless-steel ball-milling pot at a rotation rate of
250 r/min for a duration of 15 h. Following uniform
mixing, the powders were compacted into a pellet
with a diameter of 16 mm under a pressure of 20
MPa. The resulting mixture was calcined at 450 °C
for 6 h and then subjected to heating within the
temperature range of 700—1000 °C (specifically at
700, 800, 900, and 1000 °C) for 15h in an air
atmosphere. These samples were designated as
NCFM-700, NCFM-800, NCFM-900, and NCFM-
1000, with the numerical designation corresponding
to the calcination temperature (Fig. S2 in SM). It is
noteworthy that Cu, Fe, and Mn, the key constituents
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of NCFM, are plentiful in the Earth’s crust and cheap
to extract. This gives NCFM a low production cost
advantage in the preparation process.

2.2 Electrochemical measurement

The electrochemical performance of the
samples was investigated through the use of CR2032
coin batteries. The working electrodes were
fabricated by casting a slurry composed of active
material, acetylene black, and polyvinylidene
fluoride (PVDF) binder in a mass ratio of 8:1:1,
with N-methyl-2-pyrrolidone (NMP) serving as
the solvent, onto aluminum foil. Subsequently, the
working electrodes were subjected to drying at 80 °C
in a vacuum for a duration of 10 h. The electrolyte
consisted of a 1 mol/L NaClOs solution in a 1:1
volume mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC), with the addition of
5 vol.% fluoroethylene carbonate (FEC). Pure Na
foil was employed as the counter electrode, while
porous glass fiber (GF/D) was utilized as the
separator. Discharge and charge measurements and
galvanostatic intermittent titration technique (GITT)
were conducted using a Land CT2001A battery test
system. Differential capacity curves (dQ/dV) are
obtained by recording the voltage (V) and capacity
(Q) data of the battery in constant current
charge/discharge mode at the Land CT2001A battery
test system [21]. During this process, a set of discrete
voltage—capacity data points (V;, Q)) is collected. The
capacity Q is calculated based on the following
Egs. (1) and (2):

Q=|1dt (1)

where [ is the charge/discharge current, and ¢ is the
time. By numerically differentiating the (V, Q) data,
an approximation of dQ/dV can be obtained:

dO/AV =(Q,,,~0) 1 (V 1.,=V;) 2)

Additionally, cyclic voltammetry (CV) of the
electrode were performed using a CHI660E
electrochemical station. The apparent diffusion
efficiency of Na' can be calculated by Randles—
Sevcik formula (Eq. (3)) [22]:

1,=2.69x10°n*>- 4-D"* V"2 .C, (3)

where I, is the peak current (mA), A4 is the effective
area of the electrode (cm?), D is the diffusion
coefficient of Na (cm?/s), n is the electron transfer
number of the electrode reaction, v is the sweep rate

(V/s), and Cy is the initial concentration of Na* in the
lattice (mol/cm?).

2.3 Characterization techniques

The morphology of the samples was
investigated using scanning electron microscopy
(SEM, ZEISS Supra 55). High-resolution
transmission electron microscopy (HRTEM) images
and energy-dispersive X-ray spectroscopy (EDS)
mappings were obtained with a transmission electron
microscope (TEM, JEM 2100F). X-ray diffraction
(XRD) analysis was conducted wusing a
diffractometer equipped with CuK, radiation
(MXP3TA). The Rietveld method was employed to
refine the raw XRD data of all samples, with the
phase composition and lattice parameters data
obtained through the GSASII software [23]. The
refined data were subsequently utilized using the
VESTA software to construct crystal structure
models and obtain bond length data [24]. The precise
chemical compositions of the synthesized cathode
materials were determined through inductively
coupled plasma optical emission spectrometry
(ICP-OES, Agilent ICP-OES 720). Each sample was
dissolved in 2 mL of aqua regia solution, which
was then diluted with 2 vol.% HNO; prior to
measurement. Raman spectra were recorded using a
Renishaw In-Via Raman spectrometer with a laser
wavelength of 488 nm. X-ray photoelectron
spectroscopy (XPS) results, which included the
identification of elemental types and their valence
states, were characterized using a Thermo Scientific
Nexsa Model K, spectrometer equipped with
Al K, radiation (1486.68 eV). Thermal gravimetric
analysis (TGA) of NCFM precursors was performed
on a thermal analyzer (TGA/SDTAS851e) at a heating
rate of 5°C/min in an air atmosphere. Fourier
transform infrared spectroscopy (FTIR, FT/IR-660
Plus) data, corresponding to high spectral resolution,
were obtained over a wide spectral range of
4004000 cm ™.

3 Results and discussion

3.1 Structural and morphology characterization
of NCFM materials

As shown in Fig. 1, the phase composition of

the products was analyzed using XRD. All samples

exhibited diffraction peaks at 16.0°, 32.3°, 35.5°,

41.5°, 52.6°, and 57.2°, which can be accurately
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Fig. 1 XRD pattern of all NCFM samples

indexed to the (003), (006), (101), (104), (107) and
(018) planes of the rhombohedral O3-phase structure
(space group: R3m). In NCFM-1000 material, O3-
phase structure was compromised, resulting in the
formation of a significant amount of CuO impurity
phases. This observation suggests that substantial
structural disorder occurred in NCFM, preventing
the attainment of a pure O3-phase at a calcination
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temperature of 1000 °C. Notably, the diffraction
peak corresponding to the (003) plane of NCFM-900
is slightly shifted towards a lower Bragg angle in
comparison to samples subjected to other calcination
temperatures (Fig. S3 in SM), indicating a larger d-
spacing of the (003) plane. In Fig. S4 in SM, the
variation in d-spacing of the (003) crystal planes was
corroborated by HRTEM. The d-spacing of NCFM-
900 (5.48 A) is greater than that of NCFM-800
(5.42 A) and NCFM-700 (5.39 A).

To elucidate the crystal structure, O3-phase
configuration is illustrated in Fig. 2(a). In the O3-
phase, the oxygen layers are arranged as ABCABC,
and Na® and TM"* occupy different octahedral sites,
arranged in a face-centered cubic dense stack, with
all Na sharing an edge and a face [25,26]. The lattice
parameters were determined through a detailed
analysis of XRD data utilizing Rietveld refinement
method (Figs. 2(b—d) and Table S1 in SM). For all
03-phase samples, specifically NCFM-700, NCFM-
800, and NCFM-900, the lattice parameter a
decreases from 2.9499 (NCFM-700) to 2.9491 A
(NCFM-900), while the lattice parameter ¢ increases
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Fig. 2 Crystal structure of O3-phase NCFM (a), and Rietveld refinement XRD profiles of NCFM-700 (b), NCFM-800 (c)

and NCFM-900 (d) samples
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from 16.4053 (NCFM-700) to 16.4726 A (NCFM-
900), exhibiting an almost linear relationship with
the increase in calcination temperature. Na—O bond
length in NCFM-900 (2.3619 A) is longer than that
in NCFM-800 (2.3604A) and NCFM-700
(2.3576 A). This trend suggests that as the
calcination temperature rises, the covalent character
of TM—O bonds increases, resulting in a decrease
in the effective negative charge on O ions.
Consequently, this leads to an elongated Na—O
distance due to the diminished coulombic attraction
between Na and O ions [27,28]. In addition,
compared with NCFM-900, the XRD curves of
NCFM-700 and NCFM-800 exhibit obvious broad
peaks characteristic of a range of 20°-30°. This
variation in peak characteristics is due to crystal
structure defects and crystal size effects.

To investigate the effect of calcination
temperature on the morphological characteristics of
the samples, SEM images of the NCFM-700,
NCFM-800, NCFM-900, and NCFM-1000 materials
are depicted in Figs. 3(a—d), respectively. At a low

calcination temperature of 700 °C, NCFM-700
displays a morphology characterized by the
agglomeration of spherical primary particles. In
contrast, at higher calcination temperatures of 800
and 900 °C, NCFM-800 and NCFM-900 exhibit
flake- or brick-like morphologies. Upon further
increasing the calcination temperature to 1000 °C, a
significant number of cracks and fine particles were
observed on the surface of NCFM-1000, indicating
structural damage. Notably, NCFM-900 shows a
large particle size within the pure O3-phase,
suggesting that elevated calcination temperatures
enhance the solid-phase diffusion rate during
material synthesis [29]. In Fig. 3(e), EDS mapping
images of NCFM-900 reveal a uniform distribution
of Na, Cu, Fe, Mn, and O elements throughout
the particles. Additionally, ICP-OES analysis of
NCFM-900 was conducted to confirm TM content
in the material (Table S2 in SM). The molar
ratio of Na:Cu:Fe:Mn is approximately 0.999:
0.201:0.299:0.489, which aligns with the anticipated
design values of 1.0:0.2:0.3:0.5.

Fig. 3 SEM images of NCFM-700 (a), NCFM-800 (b), NCFM-900 (c) and NCFM-1000 (d) samples, and EDS mapping

images of NCFM-900 sample (e)
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The surface composition and elemental
chemical states of NCFM materials were analyzed
using XPS (Fig. 4). The survey spectra of NCFM
materials reveal the presence of Na 1s, Mn 2p, Cu 2s,
O 1s, and Auger peaks (Na KL1, Cu LM2, and
O KL1) in Fig. 4(a). Notably, the absence of a signal
corresponding to Fe element in the spectrogram
suggests that iron is distributed within NCFM
materials, a result that can be corroborated by EDS
observations. The O 1s spectra exhibit characteristic
peaks at approximately 529.4, 531.2, 532.8, and
535.6 eV, which are associated with Na,COs, lattice
oxygen, oxygen vacancy, and the Na Auger
peak, respectively [30—32]. In Figs. 4(b—d), the
concentration of oxygen vacancies in NCFM
material and the Na,COs; impurity on the surface
diminishes with increasing calcination temperature.
This trend indicates that higher calcination
temperatures enhance crystallinity and reduce the
structural defects of NCFM.

The chemical bonds of the prepared materials
were studied using FTIR spectra and revealed in
Fig. 5(a). Metal oxides generally give absorption

605

bands below 1000 cm™ arising from inter-atomic
vibrations. For all NCFM samples, peaks observed
at 866 and 430 cm™! are attributed to TM—O bond
vibration modes, while a peak at 1453 cm™! confirms
Na—O bond vibration [33,34]. The peaks were
located at 1638 and 3441 cm™! belonging to the O—
H bending and O—H stretching vibrations of the
moisture in the obtained material, respectively.
Compared with NCFM-700 and NCFM-800, the
peak intensity of TM—O and Na—O bonds in
NCFM-900 is stronger, indicating a higher chemical
bond homogeneity. This homogeneity contributes to
a reduction in uneven stress distribution within
NCFM-900 crystal, thereby enhancing the stability
of its crystal structure. Similarly, detailed analysis
on chemical bond characteristics of NCFM was
provided by Raman spectra, as shown in Fig. 5(b).
Raman peaks centered at approximately 485 and
591 cm™!, characteristic of transition metal-oxygen
bonds, correspond to El; (O—TM—O bending)
and Al; (TM—O stretching) vibrational modes,
respectively.  Furthermore, Raman peak at
approximately 380 cm™! is associated with the E2,
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Fig. 4 XPS survey spectra of NCFM samples (a), and high-resolution O 1s XPS spectra of NCFM-700 (b), NCFM-800

(c) and NCFM-900 (d) samples
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vibrations of Na—O [35,36]. As the calcination
temperature increases, Alg peak pattern sharpens,
indicating an enhancement in the crystallinity of
NCFM. Importantly, the intensities of E1, and E2,
peaks gradually diminish, while the intensity of Al,
peak increases with rising calcination temperatures.
This trend is closely linked to the enhancement of
covalency in TM—O bonds and alteration in the
interlayer spacing within the crystal structure.

3.2 Electrochemical performance

The electrochemical performances of NCFM-
700, NCFM-800, and NCFM-900 cathodes were
investigated using Na half-cells. CV curves for the
three samples at a scan rate of 0.1 mV/s are
illustrated in Fig. 6(a). NCFM-900 electrode
exhibited a stronger peak current and a larger area of
CV curve compared to NCFM-800 and NCFM-700
electrodes, indicating superior capacity storage
performance [37]. Figure 6(b) depicts the initial
galvanostatic charge/discharge profiles of the
prepared batteries at a current density of 10 mA/g
(0.1C). NCFM-900 cathode demonstrated the
highest capacity of 92.5 mA-h/g, while NCFM-800
and NCFM-700 cathodes displayed lower discharge
capacities of 88.6 and 60.8 mA-h/g, respectively.
These results suggest that a higher calcination
temperature facilitates the involvement of a greater
number of Na" in the electrode reaction. In Fig. 6(c),
the capacity retention rates of NCFM-900, NCFM-
800, and NCFM-700 cathodes after 100 cycles are
79.28%, 72.83%, and 50.50% (1C), respectively.

600 200 300 400 500 600 700 800

Ramanshift/cm™

The primary factors contributing to the capacity
decline of NCFM include the formation of chemical—
electrochemical interfaces, which increase battery
impedance, and the gradual collapse of the layered
structure due to the repeated sodiation/desodiation of
Na*, leading to structural disintegration. As shown in
Figs. 6(d) and S5 in SM, the dQ/dV analysis shows
that the peak position of NCFM-900 cathode
changes (25 mV) less than that of NCFM-800
(62 mV) and NCFM-700 (73 mV) cathodes. This
indicates that the higher crystallinity NCFM-900
material exhibits better structural stability, resulting
in effective mitigation of structural strain during the
phase transition process.

To further investigate the effect of calcination
temperature on the electrochemical performance of
NCFM, charge/discharge tests were performed over
a wider voltage range (2—4.2 V). As shown in
Fig. 7(a), the initial discharge capacities of NCFM
were found to increase with rising calcination
temperatures, yielding values of 143.3, 125.3, and
58.4mA-h/g for NCFM-900, NCFM-800, and
NCFM-700, respectively. Additionally, NCFM-900
cathode exhibited the highest ICE at 97.3%. This
enhancement is attributed to the participation of
manganese in the redox reactions occurring within
the voltage range of 2—4.2 V, which activates a great
number of active sites [38]. This further indicates
that NCFM-900 possesses superior structural
stability, enabling it to withstand the structural
alterations induced by the extraction and insertion
of excess Na'. Besides the difference in discharge
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capacity and ICE, the specific energy density of
NCFM-900 cathode is higher than that of NCFM-
800 and NCFM-700 (Fig. 7(b)). This result further
confirms that the electrochemical performance of
NCFM is significantly optimized with elevated
calcination temperature. In addition, the reversible
capacities of NCFM-900 cathode at all tested current
densities exceed those of NCFM-800 and NCFM-
700 (Figs. 7(c) and S6). Specifically, the capacities
of NCFM-900 cathode were 143.3, 127, 111.3, 96.0,
and 80.2 mA-h/g at current rates of 0.1C, 0.2C, 0.5C,
1C, and 2C, respectively. These correspond to
capacity retention rates of 88.62%, 77.66%, 66.99%,
and 55.96% of the initial reversible capacity. The
improved rate performance is attributed to the
increased Na layer spacing resulting from higher
calcination temperatures (700—900 °C). This result
also suggests that the ion diffusion channel has

become the limiting factor for Na" diffusion rates in
NCFM, as opposed to the ion migration distance.
Figure 7(d) depicts the cycling performance of
NCFM-900 at 0.2C. The initial discharge of NCFM-
900 is recorded at 130.7 mA-h/g, which decreases to
106.4 mA-h/g after 40 cycles, resulting in a capacity
retention of 81.2%. The dQ/dV curve, obtained
through differential analysis of the discharge curves,
delineates the dynamic characteristics of NCFM-900
during the discharge process (Fig. S7 in SM). The
dQ/dV curves reveal a reduction peak for Mn*"/Mn**
near 2.2V, indicating that manganese in NCFM
contributes to charge compensation across a wide
voltage range (2—4.2 V), thereby facilitating a higher
discharge capacity [39,40]. According to the above,
NCFM-900 demonstrates superior electrochemical
performance, primarily attributable to its enhanced
crystallinity and the increased Na layer spacing.
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Fig. 7 (a) Charge/discharge profiles of NCFM at 0.1C within 2—4.2 V; (b) Energy density of NCFM within 2-4.2 V;
(c) Rate performance of NCFM-900; (d) Cycling performance of NCFM-900 at 0.2C within 2—4.2 V

3.3 Electrode process kinetics

To explore the effect of calcination temperature
on the kinetic behavior of Na in NCFM, CV curves
were obtained at various sweep rates, with the
corresponding line fitting results in Figs. 8(a, b) and
S8 in SM. NCFM-900 electrode demonstrated
a higher apparent diffusion efficiency for Na
compared to NCFM-700 and NCFM-800 electrodes.
Additionally, the kinetics of Na® diffusion were
further analyzed using GITT. Utilizing Eq. (4)
proposed by WEPPNER and HUGGINS [41],
apparent diffusion coefficient of Na* (Dn,) during the
second charge/discharge cycle is determined as

follows:
2 2
AE'S
AET

D:i[M

nr\ MgS

where D is the apparent diffusion coefficient;
means the applied current time interval; mg, Vm, and
Mg represent the mass of active material, molecular
volume, and molar mass, respectively; S refers to the
electrode effective surface area,

4

which was

calculated from the electrode properties and the
average particle size; AEs and AE; respectively are
changes in the steady-state voltage and total change
of the battery voltage during each GITT step
(Fig. 8(c)). Dna determined from GITT curves
(Figs. 8(d) and S9 in SM), plotted against state of
charge (SoC) during both sodiation and desodiation,
is presented in Figs. 8(e, f). The profiles of NCFM-
800 and NCFM-900 exhibit similar trends, with
distinct troughs observed during both the charging
and discharging processes, suggesting that these
samples undergo comparable phase transitions and
structural rearrangements. Notably, NCFM-900
cathode shows a higher Dy, value throughout most
of the sodiation and desodiation processes compared
to both NCFM-700 and NCFM-800. Specifically,
Dna for NCFM-900 increases from an initial
value of 2.27x107" cm?%s, reaching a maximum
of 2.96x10 ""cm?s at approximately 59% SoC,
followed by a gradual decrease. During discharge,
two peaks are observed at 2.82x107"" and
3.57x107 "' ¢m?/s at approximately 59% and 98%
SoC, respectively. Additionally, the average D, for
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Fig. 8 (a) CV curves of NCFM-900 at different sweep rates; (b) Peak current as function of square root for scan rate (v'’?);
(c) Schematic of single current pulse for GITT; (d) GITT curves of NCFM-900 cathode in the second cycle within

2.5-4.05V; (e, f) Calculated Na* diffusion efficiency vs SoC

NCFM-900 is calculated to be 2.28x107!'cm?/s
during the charge process and 1.60x107!''cm?/s
during the discharge process (Fig. S10 in SM). These
values are significantly higher than those of NCFM-
800 and NCFM-700, which further confirms that the
increased calcination temperature is favorable to
widen the ion diffusion channel, thus promoting the
fast diffusion of Na".

3.4 Structure evolution mechanism

Figure 9 illustrates the morphological and
crystallographic changes in O3-phase NCFM
samples subjected to varying calcination
temperatures. NCFM samples maintain a consistent
O3-phase structure at calcination temperatures of
700, 800, and 900 °C. However, as the calcination
temperature increases, the morphology transitions
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Fig. 9 Morphological and crystal structure changes of
0O3-phase NCFM
temperatures

samples at different calcination

from a spherical agglomeration of primary particles
to a flake-like structure, and with further elevation in
temperature, it evolves into a brick-like morphology.
This indicates that elevated calcination temperatures
enhance solid-phase diffusion rates during the
synthesis of the material, thereby promoting the
particle growth. Additionally, higher calcination
temperatures contribute to improved chemical
bonding homogeneity and reduction of oxygen
vacancies within NCFM structure. Such changes
can mitigate structural strain during the phase
transformation process to a certain degree, thereby
enhancing the structural stability of NCFM samples.
As the calcination temperature increases, the
covalency of TM—O bonds in NCFM is enhanced
and the coulombic attraction between Na and O ions
is suppressed. This leads to an increase in the
electrostatic repulsion between oxygen atoms in
adjacent layers of the crystal structure, thereby
causing the interlayer spacing to increase. When
the calcination temperature increases from 700 to
900 °C, the length of Na—O0 bond is increased from
2.3576 to 2.3619 A, and the interlayer spacing of
NCFM expands from 4.7152 to 4.7238 A. This
crystal structure change can promote the fast
diffusion of Na" in NCFM materials during charging
and discharging, thereby improving the rate
performance of NCFM. Therefore, NCFM-900 with
fewer oxygen vacancies and larger Na layer spacing
shows better electrochemical performance.

4 Conclusions

(1) NCFM cathode materials were synthesized
using the solid-phase reaction method, with their
crystal structure and crystallinity optimized through
calcination temperature adjustments.

(2) Calcination temperature is crucial in
improving the electrochemical performance of
NCFM. Higher -calcination temperatures result
in expanded layer spacing and reduced oxygen
vacancies within the crystal structure, thereby
enhancing rate performance and cycling stability.

(3) An initial discharge specific capacity of
143.3 mA-h/g was achieved at 0.1C, with a capacity
retention of 79.28% after 100 cycles at 1C. Even at
elevated rates (2C), the discharge specific capacity
remained stable, exceeding 80.2 mA-h/g.

(4) Electrochemical properties and reaction
mechanisms were conducted using various electro-
chemical techniques. Studies of charge/discharge
test, CV, and GITT indicate that NCFM-900
demonstrates superior kinetic properties.

(5) A thorough assessment of the structural
evolution of NCFM across different calcination
temperatures was performed, developing a
foundation for developing effective methods to
synthesize O3-phase layered cathode materials with
high energy density and stability.
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