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In Na-ion batteries, O3-type layered oxide cathode materials encounter challenges such as particle cracking, oxy-
gen loss, electrolyte side reactions, and multi-phase transitions during the charge/discharge process. This study focuses
on surface coating with NiTiO3 achieved via secondary heat treatment using a coating precursor and the surface material.
Through in-situ x-ray diffraction (XRD) and differential electrochemical mass spectrometry (DEMS), along with crystal
structure characterizations of post-cycling materials, it was determined that the NiTiO3 coating layer facilitates the forma-
tion of a stable lattice structure, effectively inhibiting lattice oxygen loss and reducing side reaction with the electrolyte.
This enhancement in cycling stability was evidenced by a capacity retention of approximately 74% over 300 cycles at 1 C,
marking a significant 30% improvement over the initial sample. Furthermore, notable advancements in rate performance
were observed. Experimental results indicate that a stable and robust surface structure substantially enhances the overall
stability of the bulk phase, presenting a novel approach for designing layered oxide cathodes with higher energy density.

Keywords: Na-ion battery, layered oxides, high voltage, surface coating

PACS: 82.47.Aa, 82.45.Fk

1. Introduction

The rising demand for energy coupled with increas-
ing environmental concerns has spurred the development of
large-scale energy storage technologies. However, the lim-
ited availability and uneven distribution of lithium resources
have hindered the widespread adoption of lithium-ion bat-
teries in large-scale storage. In response, Na-ion batteries
have emerged as a promising alternative due to their abun-
dant sodium resources and lower cost.l!'=3] O3-type layered
oxide cathode materials garnered significant attention from
researchers because of their inherent advantages, including
high specific capacity and facile preparation, rendering them
highly promising for various applications.[*-°! However, chal-
lenges such as irreversible phase transition and lattice oxygen
loss in layered oxides are exacerbated at high cut-off volt-
ages, leading to accelerated structural degradation and deteri-
oration of electrochemical performance. [7-101 Meanwhile, cer-
tain commonly employed carbonate electrolytes exhibit ther-
modynamic instability when the voltage exceeds 4.0 V.l!'1.12]
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The continuous decomposition of the electrolyte leads to an

[13

escalation of the interfacial impedance!'3! and ongoing ca-

pacity degradation. Therefore, establishing a stable cath-
ode/electrolyte interface (CEI) is crucial for achieving stable
cycling at high voltages in Na-ion batteries.

Surface coating technology involves the fabrication of ar-
tificial CEI films on the material surface. Various materials, in-
cluding metal oxides (e.g., Al,03,!'* TiO,, 131 and MgO!1¢]),
metal fluorides,!'”! solid-state electrolytes,!'®2% and organic
polymers,?! have been progressively utilized in the coating
applications for the cathode materials. These coating mate-
rials effectively preserve the stability of the phase transition
of cathode materials throughout the charging and discharging
process. Additionally, they effectively mitigate the occurrence
of side reactions between cathode materials and electrolyte,
suppress erosion of cathode materials caused by byproducts
such as HF, and enhance Na' transport pathways. Conse-
quently, these coating layers can substantially improve the cy-
cling stability. Furthermore, the presence of the coating layer
enables effective isolation of the material from atmospheric
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conditions, thereby significantly enhancing the air stability of
cathode materials.??!

Perovskite compounds, owing to their structural resem-
blance to layered oxides, demonstrate exceptional compatibil-
ity and robust bonding, thus showing significant potential for
coherent growth. In recent years, there has been a proliferation
of studies investigating the incorporation of perovskite mate-
rials as coating layer or doping phases into layered-structure
materials. These studies have demonstrated promising out-
comes in enhancing the cycling stability of lithium-ion batter-
ies, particularly under high-voltage conditions. By incorporat-
ing the perovskite-structured LayLiTMOg (TM = Ni, Co, Mn)
coherent phase as an anchoring component within the lithium
nickel-rich cathodes, lattice strain in the layered oxides dur-
ing charge—discharge processes is effectively mitigated, en-
abling stable cycling even at exceptionally high cutoff volt-
ages of up to 4.6 V.[?3I The perovskite structure of LayNiLiOg
possesses a significant number of oxygen vacancies, facili-
tating the capture of active oxygen species. When used as
an oxygen reservoir layer coated onto LiNig 9Cog o5sMng 0502,
LayNiLiOg effectively suppresses the oxygen release, miti-
gates irreversible phase transitions, and minimizes side reac-
tions with the electrolyte, thereby enhancing long-term ca-
pacity retention in nickel-rich layered cathode materials.>*]
Furthermore, perovskite phase compounds function as coat-
ing layers in lithium cobalt oxide and lithium-rich materials,
thereby effectively improving the cycling performance and en-
hancing rate capability.[>>-6]

Current efforts in utilizing perovskite compounds for Na-
ion batteries are primarily concentrated on the developing
of high-performance anode materials, such as NiTiOz and
CoTi03.[?728] Previous studies have demonstrated that the ap-
pearance of NiO heterogeneous phases in nickel-rich Na-ion
battery layered oxides following secondary heat treatment is
a precipitation phenomenon resulting from the reduction in
solid solubility of Ni caused by sodium volatilization dur-
ing the heating process.>*3°l Moreover, NiTiO; with per-
ovskite structure exhibits excellent compatibility with layered
structures and demonstrates outstanding electrochemical sta-
bility as a negative electrode material for Na-ion batteries.
In this study, we initially obtain TiO,-coated cathode mate-
rials through the hydrolysis reaction of titanium isopropoxide
(TTIP), followed by a secondary heat treatment that facilitates
the reaction with precipitated NiO in these materials, result-
ing in the formation of a NiTiO3 coating on the surface of the
cathode material. Experimental results demonstrate that the
NiTiO3 coating layer facilitates the establishment of a stable
lattice structure, effectively suppresses the release of the oxy-
gen, and mitigates the side reactions between the material and
electrolyte, thereby significantly enhancing the electrochemi-
cal performance of the NiTiO3-coated materials.

2. Experimental details
2.1. Material synthesis

NaLi0.05N10.375FeO.1Mn0_375Tio,102 (P—LNFMT) was
prepared by a simple solid-state reaction using precursors of
Na;CO3 (99.5%, Alfa), LiOH-H>0 (98%, Alfa), NiO (99.9%,
Alfa), Fe;03 (99.9%, Alfa), MnO, (99.9%, Alfa) and TiO,
(99.9%, Alfa). The starting materials were mixed thoroughly
in an agate mortar and then calcined at 900 °C for 15 h.

Then 2% NiTiO3—NaLi0_()5Ni()_375FCQ.1MH0'375Ti0'102
(NTO-LNFMT) was prepared using the secondary heat treat-
ment approach. The anhydrous ethanol with titanium iso-
propoxide (TTIP) was stirred in a beaker for 5 min. Then,
P-LNFMT was added to the alcohol solution and stirred at
room temperature for 60 min. The mixture was heated and
stirred at 80 °C until the ethanol was completely volatilized.
Subsequently, the powder was secondarily sintered at 1000 °C
for 4 h. Finally, the sample of NTO-LNFMT was obtained.

2.2. Electrochemical measurements

The cathodes were prepared by mixing active material,
conductive carbon black (super P), and polyvinylidene fluo-
ride (PVDF) binder at a weight rate of 8:1:1 in N-methyl-2-
pyrrolidone (NMP) solvent. The slurry was then cast onto an
Al foil and dried at 120 °C for 6 h under a vacuum to obtain the
electrodes. The loading mass of the active materials is approx-

imately 5 mg-cm™2.

The electrochemical performance was
assessed by coin-type (CR2032) half cells using sodium metal
as the anode in an argon-filled glove box (H,O < 0.1 ppm,
0, < 0.1 ppm). A glass fiber (diameter: 16.2 mm) was used
as the separator, and 1 M NaClOy in propylene carbonate (PC)
with fluoroethylene carbonate (2% in volume) was used as the
electrolyte. The charge and discharge measurements for the
half cells were carried out on a Land CT2001A battery test
system in the voltage ranges of 2.0 V-4.3 V, and cyclic voltam-
metry (CV) tests were performed at 0.1 mV-s~! scan rates in
the voltage range of 2.0 V-4.3 V vs. Na*/Na on an electro-
chemical workstation CHI 604E. Both tests were carried out
at room temperature.

2.3. Material characterizations

The crystal structures of the as-prepared samples were
analyzed using powder x-ray diffraction (XRD), which em-
ployed the Bruker D8 ADVANCE instrument with a Cu Ky
x-ray source (A; = 1.54060 A and A, = 1.54439 A). The ac-
tual chemical composition of the obtained cathode materials
was analyzed by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, Shimadzu, ICPS-8100).

SEM measurements were carried out using a Hitachi S-
4800 (10 kV). STEM observation and high-angle toroidal dark
field (HAADF) image were obtained for the analysis of the mi-
crostructure of the material using a JEOL ARM?200CF trans-
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mission electron microscope equipped with double aberration
correctors and objective lens, with a HAADF receiving angle
of 90 mrad—370 mrad. The electron energy loss spectroscopy
(EELS) of the O K-edge and the L-edge of Ni, Fe, Mn, and Ti
was obtained using STEM-EELS in dual EELS mode with an
acceleration voltage of 200 keV.

A self-made in-situ battery shell was used for differential
electrochemical mass spectrometry (DEMS) testing to moni-
tor the gas production of the battery.

A gas chromatography-mass spectrometry (GC-MS, Ag-
ilent 7890B/5977A) detector was used for gas collection. The
test voltage range for in-situ testing was 2.0 V-4.3 V, and the
current density was 16 mA-g~—!.

Differential scanning calorimetry (DSC) measurements
were conducted by DSC 214 Polyma (Netzsch) under Ar at-

mosphere at a temperature scan rate of 5 °C-min~".

2.4. DFT methods

Density-functional theory (DFT) calculations were per-
formed using the projector augmented wave (PAW) 3! method
by the Vienna ab initio simulation package (VASP).13?! The
exchange—correlation function was conducted by the spin-
polarized generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof (PBE)!*3! functional in combina-
tion with Hubbard U corrections (GGA-PBE + U). Hubbard
U type correction was adopted with an effective U value of
3.9 eV for Mn.*¥ The cut-off energy, the convergences of the
total energy and residual force were set to 500 eV, 107 eV,
and 0.02 eV-A~!, respectively. The formation energy of oxy-
gen vacancy (Eoxygen vacancy formation) Was calculated according
to the following equation:

onygen vacancy formation = Esample—O + O~5E(02) - Esample-

Here, Egmple and Egmple-0 Tepresent the total energy of the
system before and after losing one oxygen atom.

3. Results and discussion

As shown in Figs. 1(a) and 1(b), both P-LNFMT and
NTO-LNFMT exhibit a typical @-NaFeO; structure, belong-
ing to the space group of R3m, without any discernible impu-
rity peaks. XRD refinement result reveals that compared to
P-LNFMT (c = 15.9810 A), the interslab distance of NTO-
LNFMT increases (c = 16.08040 A), which implies that the
NTO coating can broaden the Na™ diffusion channel thus en-
hancing the rate performance of the material.*>! Figures 1(c)
and 1(e) show that both materials possess similar lamellar
morphology with particle sizes ranging from 2 pm to 4 um.
However, fine dotted coating layers are observed on the sur-
face of NTO-LNFMT. For further study on the microstruc-
ture of the coating layer, a spherical aberration-corrected scan-
ning transmission electron microscope (STEM) was used to

observe the structural changes of the samples before and after
coating. As depicted in Fig. 1(d), P-LNFMT exhibits a layered
structure extending from the bulk to the surface. In contrast,
the surface structure of NTO-LNFMT notably deviates from
that of the bulk (Fig. 1(f)). A coating layer (~ 6 nm) exists
on the surface of NTO-LNFMT and the atomic arrangement
of the coating layer aligns with the [001]; projection of NTO
(Fig. 1(h)).136:37]
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Fig. 1. Structural characterizations of P-LNFMT and NTO-LNFMT. The
XRD Rietveld refinement patterns of P-LNFMT (a) and NTO-LNFMT (b);
the SEM images of P-LNFMT (c) and NTO-LNFMT (e); the HAADF im-
ages of the P-LNFMT (d) and NTO-LNFMT after focused-ion-beam (FIB)
treatment (f) in [100] zone projection. The enlarged HAADF images of
FIB-treated NTO-LNFMT in the bulk (g) and near the surface (h). The
corresponding FFT images are shown as the insets in panels (g) and (h).

The elemental distribution of NTO-LNFMT’s surface
cladding was analyzed using electron energy loss spectra
(EELS) and the regions A and B in Fig. 2(a) represent the
acquisition areas. The EELS mapping results are shown in
Fig. 2(b), where the elements Fe and Mn are distributed only
in the B region, corresponding to the bulk region of the ma-
terial. The elements Ni, Ti, and O are distributed in both the
A and B regions, which indicates that these three elements are
distributed in both the bulk and surface of the material. More-
over, for the Ti element, there is an obvious enrichment in the
region of ~ 6 nm on the surface, which is consistent with the
thickness of the coating layer in Fig. 1(h). It suggests that the
enrichment of Ti may be caused by the significantly higher Ti
content of NTO than that in the designed P-LNFMT. In sum-
mary, NTO was successfully introduced into the material sur-
face.
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Fig. 2. The HAADF image of NTO-LNFMT after FIB treatment (a) in
[100] zone projection and the EELS mapping images of the area sur-
rounded by white lines (b, the scale bar is 2 nm).

The electrochemical performance of P-LNFMT and
NTO-LNFMT was compared within the voltage range of 2.0 V
to 4.3 V (Fig. 3). As illustrated in Fig. 3(a), the NTO-LNFMT
cathode shows a higher reversible capacity (~ 180 mAh-g~!)
than that of P-LNFMT (~ 176 mAh-g~!) at 0.1 C (0.1 C =
16 mA-g~!) in the first cycle, along with an improved initial
coulombic efficiency (ICE) from ~ 86% to ~ 92%. Voltage
profiles indicate that the improvement of ICE primarily stems
from the reduction of the irreversible plateau above 4.1 V.
The long plateau in the high-voltage region is typically at-
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tributed to irreversible phase transitions, surface residual alkali
decomposition, and side reactions between the cathode and
the electrolyte.!®8] The comparison of the 1st and 10th volt-
age profiles demonstrates that the decay of the charging and
discharging platforms in the low-voltage region below 3.0 V
is the primary cause of capacity degradation, as well as in
the high-voltage region above 4.1 V. These findings are fur-
ther supported by cyclic voltammetry (CV) curves (Fig. 3(b)).
After 300 cycles at a current density of 160 mA-g~!, NTO-
LNFMT exhibits enhanced cycling stability with an impres-
sive capacity retention rate of approximately 74%, while P-
LNFMT retains only about 44% of its initial capacity under
identical testing conditions (Fig. 3(d)). Additionally, the rate
performance of NTO-LNFMT has been significantly improved
(Fig. 3(c)). The reversible specific capacity of NTO-LNFMT
reaches ~ 125 mAh-g~! at 5 C, whereas P-LNFMT achieves
only 104 mAh-g~!.
that the NTO coating layer not only serves as an interfacial

These combined observations indicate

film to reduce side reactions between the cathode and elec-

trolyte, but also enhances the structural stability.[?®!

Potential vs. Nat/Na (V)
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Fig. 3. The 1st and 10th voltage profiles of P-LNFMT and NTO-LNFMT between 2.0 V and 4.3 V (a); the CV profiles in the initial two cycles (b);

the rate performance (c) and the cycling performance profiles (d).

The O3-type layered oxide cathode materials tend to un-
dergo multiple phase transitions during the charging and dis-
charging process. The huge volume deformation can lead to

structural fatigue and damage to the materials, thus reducing

139401 To further investigate the effect of

their cycling stability.
NTO coating on the phase transition and structural evolution
of the materials, in-sitru XRD analysis was conducted for P-

LNFMT and NTO-LNFMT. Figure 4 shows that P-LNFMT
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and NTO-LNFMT undergo a similar O3-P3-OP2 phase tran-
sition process. It is noteworthy that the (002) diffraction peak
of the OP2 phase exhibits a pronounced shift towards higher
angles upon further charging beyond 4.2 V (Fig. 4(a)). When
the Na content of materials is approximately lower than 0.3,
the interslab distance decreases dramatically, resulting in a
collapse of the material structure. This phenomenon can also
explain why the cycling stability of the O3-type material sig-
nificantly decreases at cut-off voltages higher than 4.0 V. The
2D contour maps of the (003) diffraction peaks and the statis-
tical maps of the variation in interslab distance for P-LNFMT
and NTO-LNFMT are shown in Figs. 4(b) and 4(c), respec-
tively. Compared to the initial O3 structure, the (003) diffrac-
tion peak of P-LNFMT shifts by 0.508° upon charging to
4.3 V, while NTO-LNFMT shows a smaller shift of 0.412°.
This indicates that NTO-LNFMT undergoes fewer structural

changes during the charging process. In the voltage range of
2.0 V—4.05 V, the interslab distance of the two materials is
changed by only about 6%, which is related to the phase transi-
tions of O3—P3. However, when charged to higher than 4.05 V,
both materials experience a more complicated phase change
from P3 to OP2, resulting in significant contraction along the
c-axis and potentially causing large volume changes and loss
of crystallinity,!*!=#3] thereby negatively impacting the cycling
stability of the materials.

Although the material still exhibits c-axis contraction af-
ter NTO encapsulation, it is worth noting that compared to the
initial O3 structure, the interplanar spacing of NTO-LNFMT
contracts by 8.9% when charged to 4.3 V, which is lower than
P-LNFMT’s contraction of 9.5%. This indicates that NTO en-
capsulation can play a certain role in suppressing phase tran-
sition and prolonging the cycling lifespan of the material.
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Fig. 4. In-situ XRD contour plots of (003) for P-LNFMT (a) and NTO-LNFMT (c); lattice parameters (interslab distance) during the initial cycle

process for the P-LNFMT (b) and NTO-LNFMT (c) electrodes.
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Fig. 5. The SEM images (a) and (b) and HADDF-STEM images [bulk: (c), (d); surface: (e), (f)] of P-LNFMT [(a), (c), (e)] and NTO-LNFMT
[(b), (d), (D] after 200 cycles within the voltage range of 2.0 V-4.3 V at 1 C; gas evolution detected by in-situ DEMS of P-LNFMT (g) and NTO-
LNFMT (h); dissolved Li, Ni, Fe and Mn in the electrolytes measured by ICP-AES after 200 cycles at 1 C (i); the oxygen vacancy formation

energy of P-LNFMT and NTO-LNFMT (j).

Previous studies have shown that structure degradation
often initiates at the particle surface and gradually diffuses
into the bulk phase.3%#>=*4] Therefore, establishing a robust
surface structure is frequently effective in preventing the de-
terioration of the bulk structure. More detailed characteriza-
tions of P-LNFMT and NTO-LNFMT after 200 cycles at 1 C
were carried out to investigate the underlying mechanism of
enhanced cycling stability by NTO coating.

After 200 cycles, the particles of P-LNFMT crack due
to excessive internal stress caused by volumetric deformation
during the charging and discharging process (Fig. 5(a)).[#>:40]
Figure 5(b) shows that the surface of NTO-LNFMT particles
was intact, indicating that the NTO coating can play a role

in reducing the volumetric deformation. Figure 5(c) shows a
large number of O1 structures in the cycled P-LNFMT. Com-
bining the results of in-situ XRD, the irreversible phase tran-
sition in the high voltage region leads to the residual O1 struc-
ture, which progressively accumulates throughout subsequent
cycles and consequently leads to a rapid capacity decline.
Moreover, a thick reconstruction layer of approximately 8 nm
on the surface of P-LNFMT inhibits the insertion of Na® and
results in increased polarization (Fig. 5(e)).[*’! In contrast, the
structure of the long-cycled NTO-LNFMT material remains
intact, with the thickness of the NTO coating layer on the sur-
face remaining at approximately 5 nm (Figs. 5(d) and 5(f)).
The severe surface reconstruction indicates that the mate-
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rial undergoes significant oxygen loss and transition metal mi-
gration during the cycling, intensifying the dissolution of the

1.1 In-situ differential electrochemical mass

transition meta
spectrometry (DEMS) was employed to study gas evolution
during the first cycle. Figures 5(g) and 5(h) show significantly
less O, evolution in NTO-LNFMT compared to P-LNFMT.
Moreover, the oxygen vacancy formation energy at differ-
ent Na content was calculated by DFT. The results showed
that the Eoxygen vacancy formation values of NTO-LNFMT are al-
ways higher than those of P-LNFMT with the removal rate
of Na™, which demonstrates the high stability of lattice oxy-
gen of NTO-LNFMT (Fig. 5(j)). Additionally, the dissolution
of transition metal leads to prominent capacity decay of lay-
ered cathodes.*’! The transition metal content in the cycled
electrolyte by ICP-AES (Fig. 5(i)) reveals that the NTO coat-
ing significantly suppressed the dissolution of transition met-
als and improved the cycling stability of the material.

Full coin-type cells with the NTO-LNFMT cathode and
hard carbon (HC) anode were assembled to evaluate the long-
term cycling stability and practical application value of the
cathode. As shown in Fig. 6(a), the full cell delivered a high
reversible specific capacity of 170 mAh-g~! (based on the ac-
tive material of the cathode) within the voltage range of 1.0 V—
4.3 V at 0.1 C. After 200 cycles at 0.5 C, the capacity re-
tention was 84%, which is superior to that observed in half-

cells and shows very promising potential for practical appli-
cations (Fig. 6(c)). Based on the total mass of active mate-
rials, the energy density obtained from this matched full cell
is 329 Wh-kg~!. This excellent electrochemical performance
can promote the application of the NTO-LNFMT full cell in
Na-ion batteries for large-scale energy.

Furthermore, the thermal stability of the material in the
charging state is a crucial safety indicator in Na-ion battery

(48] Differential scanning calorimetry (DSC) as an ef-

testing.
fective thermal analysis technique is commonly used to test the
thermal stability of materials. To replicate the fully charged
battery system, P-LNFMT and NTO-LNFMT were subjected
to testing after charged to 4.3 V in the presence of electrolyte
(Melectrolyte © Meathode = 1 : 1). The exothermal peak can be
attributed to the oxygen loss and the reduction of transition
metals during the heating process (Fig. 6(b)), accompanied
by the phase transition and significant release of heat.[*’! The
exothermal peak of P-LNFMT is located at 298.1 °C with
a heat generation of 599.2 J.g~!, while NTO-LNFMT dis-
plays an exothermal peak at a significantly higher temper-
ature (304.5 °C), and overall heat generation is reduced to
320.8 J-g~!. It can be noticed that the exothermal peak of
NTO-LNFMT tends to split into two peaks, which may be at-
tributed to uneven contact between the electrode and the cru-
cible bottom.
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Fig. 6. The voltage profiles (a) and cycling performance (c) of NTO-LNFMT//HC full cell, the inset in panel (a) is the voltage profiles of HC
anode; DSC profiles of P-LNFMT and NTO-LNFMT cathode materials charged to 4.3 V with a heating rate of 5 °C-min~! (b).
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4. Conclusion and perspectives

In conclusion, a novel in-situ chemical reaction strategy
was employed to achieve NTO coatings coordinated with the
lattice on layered oxide particles. The NiTiO3 coating layer
facilitates the stabilization of the lattice structure and inhibits
the loss of lattice oxygen, dissolution of transition metals, irre-
versible phase transitions, particle cracking, and side reactions
between the cathode material and the electrolyte. As a re-
sult, NTO-LNFMT-based cells achieve significantly improved
long-term cycling capability and excellent rate performance,
even with ultra-high cut-off voltage (4.3 V vs. Na®™/Na). This
chemically reaction-driven lattice phase-coordinated interface
has excellent potential for application in layered oxide mate-
rials. It is well adapted to the higher energy density require-
ments of Na-ion batteries. Moreover, a profound understand-
ing of the growth mechanism of this unique phase will provide
a new perspective for the rational design of surface coating
layers in high-energy-density electrode materials.
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