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With the surging demand for green energy and renewable energy, as well as the shortage and uneven
distribution of global lithium resources, sodium-ion batteries are gaining increasing attention as
competitive alternatives. Due to their advantages of high energy density, high safety performance and
environmental friendliness, P2 layered oxides have wide application prospects as the positive electrode of
sodium ion batteries. However, their practical applications face numerous obstacles due to their complex
phase transitions at high voltages, leading to poor cycling stability and rate capability. In this study, a P2-
type Nag g7Nig2Mng g0, layered oxide cathode material was successfully prepared via a two-step method
using ultra-nano-sized precursors. Meanwhile, the sintering temperature was optimized for its influence on
phase as well as the electrochemical properties of cathode material for sodium-ion batteries. The materials
were characterized in terms of their morphology, structure, and electrochemical properties using SEM,
XRD, EDX, and galvanostatic charge-discharge tests. Compared to the traditional one-step solid-state
method, the PS-900 material obtained by a two-step approach exhibited a reversible capacity of over 150
mA h gt at 0.1 C and the capacity retention reached nearly 70% after 200 cycles at 1 C. These results
indicate the widespread potential application of the novel P2-type layered oxide cathode material in
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1. Introduction

With the ongoing depletion of fossil energy sources, the
demand for clean energy has become increasingly pressing. In
this context, the development and widespread utilization of
lithium-ion batteries (LIB) is an inevitable choice in keeping
with the spirit of the times."* However, on a global scale, the
distribution of lithium resources is very uneven and lithium is
expensive; thus, the application of lithium-ion batteries in the
energy industry faces certain limitations.> Therefore, against
this backdrop, sodium-ion batteries (SIBs) have become the
focus of attention, given their abundant and -cost-effective
resources, thereby establishing a solid foundation for their
potential as alternatives to lithium-ion batteries in the future.*
SIBs consist of four parts: positive and negative material,
electrolytes and separators, with the positive electrode material
being a critical determinant of the performance of sodium-ion
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batteries.® At present, the mainstream cathode materials of
sodium ion batteries are layered transition metal oxides, in
addition to polyanionic compounds and Prussian blue
analogues.”® Layered metal oxides (NayIMO,, where TM refers
to transition metal elements such as Ni, Mn, Co, Fe, etc.) have
garnered significant attention as a cathode material for SIBs
due to their high energy density and good safety
performance.”’® Among the prevalent layered structures, O3
and P2-type structures have garnered considerable
attention.”"™ P2-type oxides, characterized by lower sodium
content and wider interlayer spacing, exhibit reduced phase
transitions and enhanced rate capabilities during the
electrochemical process, progressively positioning themselves
as a promising option among positive electrode materials for
sodium-ion batteries.'*'® Nevertheless, when operating within a
high voltage range, substantial capacity decay persists after
prolonged cycling.'®

Layered metal oxides are regarded as promising candidates
with potential advantages as high-capacity cathode materials."”
However, these electrode materials generally exhibit three major
drawbacks: irreversible phase transitions,'® storage instability,"
and insufficient battery performance.®® To overcome the
challenges faced by layered metal oxide cathode materials,
various synthesis strategies can be employed to address them. A
range of methods for synthesizing positive active materials for

This journal is © The Royal Society of Chemistry 2024
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SIBs have been reported including solid-state synthesis, sol-gel
synthesis, and co-precipitation.*"** Ding et al** successfully
synthesized Nag g;Lig 15Nig.1s8Mgo02MnNo 0, material using a
high-temperature solid phase method. The effect of calcination
temperature on the electrochemical properties of the materials
was studied comprehensively. When the voltage range is 1.5-4.2
V and the current density is 0.1 C, the discharge capacity can
reach 160 mA h g and the capacity retention rate is still
maintained at 70% after 100 cycles. Gao et al.>* employed the
coprecipitation method to prepare the precursor, resulting in a
concentration gradient during the preparation of the active
material Nag ¢5Nig 16C0g14Mn, -0, with a distinctive core-shell
structure series. By utilizing this approach, the active material
Nag ¢5Nip.16C00.14MnNy O,  exhibited enhanced  structural
stability, a higher Na' diffusion coefficient, and superior
electrochemical performance compared to its counterpart
prepared under constant concentration conditions. Liu et al.*
successfully prepared the Nay oNij 45Mny 550, positive electrode
by the sol-gel method. They used different chelating agents to
study in detail the effects of chelating agents on the
morphology, structure and electrochemical properties of the
samples. It was demonstrated that the samples that showed the
best electrochemical properties were prepared with citric acid
with a capacity of 96 mA h g™* and a capacity retention rate of
48% after 300 cycles at 1 C. The suitable synthesis path and
conditions directly impact the crystal structure, particle size,
and uniform distribution of the active metal. These
characteristics play a crucial role in determining the
morphology and overall properties of the resulting active
cathode material while serving as a key step in determining its
final properties.*®?”

In this study, a facile solid base phase-transition process
is employed to prepare nano-sized precursors for the
formation of a novel P2-type NaO ¢,Nijp,Mn, 0, material.
Compared to the traditional solid-state method, this two-step
method is propitious to form a well-defined morphology and
crystal structure at a relatively low sintering temperature. By
using various electrochemical measurements, the materials
present enhanced specific capacity, rate property and cyclic
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stability performance within a wide charge-discharge voltage
window (1.5-4.2 V).

2. Experimental
2.1. Chemicals

In this work, the Na,COjz;, Mn(CH3COO),-4H,0, Ni(CHj;-
C00),4H,0, and commercial MgO nanoparticles were
purchased from Sinopharm Chemical Reagent Co., Ltd.; the
NiO and MnO, powders were purchased from Aladdin and
Macklin. All the reagents were used as received unless
otherwise stated.

2.2. Synthesis of Na, ¢;Niy ,Mn, g0, materials

The two-step synthesis of PS-Na, ¢,Nip,Mn, gO,: as depicted in
Fig. 1a, the first step involved a phase-transition reaction
between solid base MgO and the Mn>* and Ni*" in a beaker
under the stoichiometric ratio. After stirring for 1 h, centrifugal
washing and drying, the Ni-Mn precursor (P-NM) was obtained.
In the second step, the precursor and Na,CO; in the
stoichiometric ratio were wet-milled at 500 r min™" for 2 h using
a mechanical ball milling method. The as-prepared mixture was
transferred to a quartz tube furnace and calcined at
temperatures of 850, 900, 950, and 1000 °C in an oxygen
atmosphere with a heating rate of 5 °C min™" and a holding
time of 12 h. The resulting materials were collected after cooling
in the furnace and promptly transferred to a glove box filled
with argon (the water and oxygen content were both less than
0.01 ppm) for storage. These samples were designated as PS-
850, PS-900, PS-950, and PS-1000, respectively.

For comparison, as depicted in Fig. 1b, S-Na0 ¢,Niy ,Mn g-
O, was prepared at 900 °C (marked as S-900) under oxygen
atmosphere by sintering mixed powder containing NiO,
MnO,, and Na,COj; in stoichiometric ratios.

2.3. Material characterization

X-ray diffraction (XRD, Rigaku Ultima IV) was employed to
confirm the internal structure of the positive electrode material,

Na,COj; salt

! 1. Phase-transition 2. Solid-state
process smtermg process
ONN

PS-N30.67Ni0_2Mnn_802

(b) Solid-state sintering process

Mixed powder (NiO, MnO,, Na,CO3)

»
L

S-Nay 6Niy,Mn, 30,

Fig. 1 Schematic illustration for the preparation process of (a) PS-Nag g7Nip 2Mng gO2 and (b) S-Nag ¢7Nig 2Mng gO>.
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Fig. 2 The XRD pattern of all the samples with the inset showing the
crystal structure of the P2 phase.

utilizing a scanning step size of 2° min™ within a range of 10-
80°. Furthermore, field emission scanning electron microscopy
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(FESEM, JSM-7800F, JEOL) was utilized to observe the surface
morphology and elemental distribution of the material, coupled
with energy-dispersive spectroscopy (EDS). X-ray photoelectron
spectroscopy (XPS, PHI 5000 Versa Probe III) data were obtained
using the PHI 5000 Versa Probe III instrument. Additionally,
high-resolution transmission electron microscopy (HRTEM,
JEM-2100 Plus, JEOL) was employed for in-depth crystal
structure analysis.

2.4. Electrochemical properties characterization

Electrochemical testing was performed within a coin-type cell
(CR2032). Initially, the weight ratio of 8:1:1 positive
material, acetylene black (Super P) and polyvinylidene
fluoride (PVDF) were mixed homogenously. Then, N-methyl-2-
pyrrolidone (NMP) solvent was added and ground up to form
a slurry. Subsequently, this slurry was uniformly coated onto
Al foil, ensuring that the mass of the active material fell
within the range of 1.6-2.6 mg cm™. After drying at 120 °C
for 12 h in a vacuum oven, the coated Al foil was then cut
into circular slices (a diameter of 12 mm) as cathodes. The
assembly of the coin cells took place in a glove box under an
argon atmosphere with oxygen and moisture content below
0.01 ppm. Sodium metal and Whatman glass fiber (GF/D)
were employed as the anode and separator, respectively. The
electrolyte used was 1.0 mol L™ of NaClO, dissolved in a
mixture of ethylene carbonate (EC) and propylene carbonate
(PC) in a volume ratio of 1:1 with the addition of 3 wt%

da(002)

‘\’—0.538 nm

Fig. 3 The SEM images of (a) P-NM, (b) PS-850, (c) PS-900, (d) PS-950, (e) PS-1000 and (f) S-900; (g-i) the TEM and HRTEM images of PS-900.
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fluoroethylene carbonate (FEC) as an additive. Constant
current charge-discharge performance testing was carried
out using a Neware battery tester at a voltage range of 1.5-4.2
V and a temperature of 25 + 0.5 ©°C. Electrochemical
impedance spectroscopy (EIS) measurements were also
performed using a CHI760E electrochemical workstation with
an amplitude of 5 mV and a frequency range of 10°-10"> Hz.

3. Results and discussion

The material's phase composition and crystal structure were
analyzed using X-ray diffraction (XRD). The XRD pattern of
the as-received precursor was shown in Fig. S1 in the ESL}
indicating a complex of Mn;0O, and Ni(OH),-0.75H,0 with a
uniform distribution of Ni Mn and O elements (Fig. S2 in the
ESIt). The phase analysis of the sintered samples is shown in
Fig. 2. The main diffraction peaks of PS-850 can be well
directed to the P2 phase of layered Nag ¢;Nig 33Mng 6,0, with
a space group of P6;/mmc (JCPDS No. 54-0894). In addition,
several weak peaks can be identified as a P3-type structure
(JCPDS No. 54-0839).>?° When the calcination temperature
reaches more than 900 °C, only a pure P2-type structural
phase appears. As the temperature rises from 900 to 1000 °C,
the intensity of the peaks decreases gradually, indicating a
weak degree of crystallinity. However, the relative intensity of
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(002) to other crystal indices varies greatly (Table S1 in the
ESIt). According to the result of the ICP analysis, the atomic
ratio of Na:Mn:Ni is confirmed as expected (0.662:0.195:
0.794). These results suggest that different sintered
conditions greatly affect the crystal structure as well as the
growth direction, which will have some effect on the
electrochemical properties. Compared with the solid phase
method, the two-step method has a higher mixing degree,
faster reaction rate, stronger volume mass transfer effect and
more homogeneous species.

The SEM images in Fig. 3 reveal that the calcination
temperature significantly impacts the morphology of the
Nag 6,7Nip,Mn, g0, powder material. As shown in Fig. 3(a),
the particle size of the P-NM precursor is around ~20 nm
(Fig. S3 in the ESIT), which is good for evenly mixing with the
reactants. As the sintering temperature rises from 850 to
1000 °C, as shown in Fig. 3(b)-(e), the grain profile becomes
clearer with a hexagonal block-like morphology. For the
compared S-900 sample prepared with commercial reactants
(Fig. 3(f)), the particle shape is not uniform. To further
explore the structure and morphology of the PS-900, TEM
and HRTEM images are presented in Fig. 3(g-i). From
Fig. 3(g and h), a well-defined and hexagonal block-like
crystal is identical to that in the SEM image. Through the

measurement and calculation of the HRTEM image
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Fig. 4 The XPS spectrum of the PS-900: (a) total spectrum; (b) Ni 2p; (c) Mn 2p; and (d) O 1s.
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(Fig. 3(i)), an average lattice spacing is 0.538 nm, matching
with the (002) lattice plane of the P2 phase.*”

The valence state of various elements in the PS-900 sample
was investigated using X-ray photoelectron spectroscopy
(XPS), as depicted in Fig. 4. The total spectrum shown in
Fig. 4(a) reveals four dominant peaks, corresponding to Na
1s, Ni 2p, Mn 2p and O 1s, respectively. The Ni 2p spectrum
in Fig. 4(b) displays main peaks at 854.6 and 872.1 eV
attributed to Ni 2p;, and Ni 2p,,, with satellite peaks at
860.8 and 879.5 eV, indicating the presence of the Ni**
oxidation state.>® As depicted in Fig. 4(c), the Mn 2p
spectrum of the two samples displays two distinct peaks at
approximately 637.8 eV and 648.2 eV, corresponding to Mn
2p1» and Mn 2p;),, respectively. The sub-peaks observed at
641.8 and 653.0 eV are associated with Mn**, whereas those
at 643.2 and 654.4 eV are linked to Mn*', suggesting the
coexistence of Mn elements in both +3 and +4 oxidation
states on the surface.”” The O 1s curve in Fig. 4(d) can be
divided into lattice O (525.6 eV) and oxygen vacancies
containing surface O (530.8 eV) and defect O (530.0 eV).
Another peak at 536.2 eV corresponds to the sodium Auger
peak.*?

To investigate the electrochemical properties of the above
samples, a comparative analysis of the rate performances
ranging from 0.1 to 5 C is first presented in Fig. 5. Despite
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receiving a high initial capacity, the PS-850 sample reacts
poorly in the circularity and rate performance. Other cells
show a small capacity gap at various rates. Especially, the
discharge specific capacities of the PS-900 sample at current
rates of 0.1, 0.2, 0.5, 1, 2, and 5 C are 150, 141, 130, 117, 98
and 65 mA h g™, respectively. Notably, a capacity retention
of 64% is observed when transitioning from low current (0.1
C) to high current (5 C), followed by a recovery to 96%
capacity retention upon return to low current. The detailed
data of all cells is listed in Table S2 in the ESL{ Furthermore,
by contrasting the charging-discharging curves of PS-900
and S-900 at various rates (Fig. 5(b) and (c)), the PS-900
sample exhibits smaller voltage polarization from low rate to
high rate. Remarkably, the irreversible phase transition from
P2 to O2 results in a 4.2 V platform.*® Through the
calculation of capacity resulting from the phase
transformation, PS-900 has a lower percentage (2.9%) than
S-900 (10.8%). To deeply analyze the difference in rate
performances, the EIS tests were carried out at a scan rate of
5 mV s ' after the rate tests. The obtained data was
subsequently fitted to an equivalent circuit, as depicted in
Fig. 5(d). Notably, analysis of the results revealed that the
doped material calcined at 900 °C exhibited a reduction in
the electrode-electrolyte interface charge transfer impedance
(Rer) in the high-frequency region, with the charge transfer

PS-900
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Fig. 5 (a) The rate performance of all cells at 0.1 to 5 C in the voltage range of 1.5-4.2 V, the charging-discharging curves of (b) PS-900 and (c)
S-900 at various rates, and (d) the Nyquist plots of all cells at charging state after the rate tests.
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Fig. 6 (a) The galvanostatic charge-discharge curves of the 1st, 2nd and 200th cycles and (b) the dQ/dV plots (the 5th cycles) at 1 C of PS-900
and S-900 cells, respectively; (c) the long-term cyclic performance of all cells at 1 C.

impedance (R.) decreasing to 209.2 Q. These results confirm
that the sintering temperature can effectively mitigate
interfacial resistance, thereby facilitating enhanced diffusion
rates of electrons and ions.

Fig. 6(a) exhibits the discharge and charge profiles of the PS-
900 and S-900 samples at the initial and 200th cycles at 1 C rate
(based on the mass of PS-900, 1 C = 172 mA h g™). Although at
such a large rate, the PS-900 sample still shows high initial
specific capacity (138.5 mA h ¢™') and facile curves with obvious
charging and discharging platform, which is proven more
visually by the dQ/dV curves in Fig. 6(b). The charge voltage
plateaus for PS-900 are observed at 2.07, 3.40, and 3.70 V, while
the discharge voltage plateaus are noted at 2.20, 3.26, and 3.53
V. The voltage plateaus at 2.07/2.20 V are associated with the
oxidation-reduction reactions of Mn*'/Mn"', whereas the
voltage plateaus at 3.40/3.26 and 3.70/3.53 V are linked to the
oxidation-reduction reactions of Ni**/Ni*" and Ni**/Ni**>*?%¢
The charge voltage plateaus for S-900 are observed at 2.33, 2.96,
and 3.77 V, while the discharge voltage plateaus are noted at
2.09, 2.65, and 3.59 V. The voltage plateaus at 2.33/2.09 V are
associated with the oxidation-reduction reactions of Mn**/
Mn"*, whereas the voltage plateaus at 2.96/2.65 V and 3.77/3.59
V are linked to the oxidation-reduction reactions of Ni**/Ni**
and Ni*'/Ni'". It can also be seen that S-900 has a larger
oxidation peak than PS-900 at around 4.2 V, indicating a phase

This journal is © The Royal Society of Chemistry 2024

transition. To further elucidate the cycling stability of various
materials at different temperatures, long-term cyclic tests of
various samples were taken at 1 C. As illustrated in Fig. 6(c), the
PS-850 sample demonstrates rapid capacity degradation,
particularly within the initial 40 cycles. An improvement in
cyclic stability is observed with the increasing sintering
temperature. Comprehensively considering capacity and
retention, the PS-900 sample attains a high initial discharge
capacity of 138.5 mA h g™* at 1 C with a capacity retention of
approximately 70% after 200 cycles, surpassing that of PS-850
(50%), PS-950 (70%), and PS-1000 (68%). In contrast, the
capacity retention ratio of the S-900 sample is less than 50%.
The SEM images (Fig. S4 in the ESIY) of the pole pieces before
and after the cycles show that PS-900 has better structural
stability.

4. Conclusions

Through a two-step synthesis method involving phase transition
and solid-state reaction, the optimal P2-type layered oxide
material Naye,Nip,Mn,g0, was successfully prepared. A
systematic investigation was conducted to examine the impact
of calcination temperature on the structure, morphology, and
electrochemical properties of the Nagg,Nip,MnygO, cathode
material. Results from scanning electron microscopy and

CrystEngComm, 2024, 26, 2704-2710 | 2709
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transmission electron microscopy revealed a highly crystalline
structure and inferior electrochemical performance of the
Nag 6;Nig,Mng 3O, sample at elevated temperatures. At a
calcination temperature of 900 ©°C, the Nagg;Nig,MnggO,
sample exhibited an initial discharge capacity of 138.5 mAh g™*
at a 1 C rate with a capacity retention of nearly 70% after 200
cycles. The PS-900 cathode material demonstrated outstanding
cycling and rate performance, primarily attributed to the
improved contact of smaller precursor grains during
calcination, resulting in a more stable structure during the
charge and discharge processes. This approach holds broad
significance in preparing different precursors with various
elements for uniform and stable sodium-ion battery cathode
materials.
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