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Accepted: 12 February 2026 can accommodate Na* ions with a relatively large radius and provide good diffusion

Published: 26 February 2026 pathways, thereby enabling excellent high-rate performance. Among various oxide
cathode materials, P2-type layered transition-metal oxides have emerged as highly
promising candidates for sodium-ion batteries due to their high capacity, good rate
capability, and stable cycling performance. In this work, P2-type Nag7Co0O, was
successfully prepared using Na,CO; and Co30,4 as raw materials through a simple
high-temperature solid-state preparation method. Furthermore, the partial substitution
of Na with Li is used here to prepare NagslLip1CoO,. It is confirmed from XRD
analysis that both oxides, before and after Li substitution, have the P2-type layered
structure with a hexagonal lattice (space group P63/mmc). A trace amount of the
LiCoO, impurity phase is detected in the Li-substituted sample. It is revealed from
electrochemical measurements that the NageLio1CoO, cathode delivers the large
discharge capacity of 129.7 mAh g' at 1C rate, representing a 12.6% increase over
the pristine Nag7C00,. Meanwhile, Nay¢Lio;CoO; also exhibits excellent high-rate
discharge capability, retaining the discharge capacity of 93.1 mAh g ! at 20 C rate.
In addition, Nag¢Lip1CoO, cathode shows good cycling stability, with the good
capacity retention of 81.8% after 300 cycles.
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1. Introduction

Lithium-ion batteries have been widely used in portable electronics, electric vehicles, and energy storage
technologies owing to their high energy density and excellent cycling stability [1-3]. However, the limited global
lithium reserves have become a critical bottleneck restricting the large-scale deployment of lithium-ion batteries
in grid-level energy storage systems, highlighting the urgent need to develop alternative technologies based on the
abundant sodium resources [4—6]. Sodium-ion batteries, which utilize Na-ions as charge carriers for energy storage
and conversion, share a similar working mechanism with lithium-ion batteries. As compared with lithium-ion
batteries, sodium-ion batteries offer advantages in resource abundance and potentially lower material costs,
making them highly competitive for large-scale energy storage applications. In particular, sodium-ion batteries
with polyanionic cathode materials exhibit promising cycling stability for long life energy storage applications.
However, their relatively low energy density of the battery with polyanionic cathode limits their application in
electric vehicles and portable electronic devices [7-9].

The cathode material is a key factor that determines the energy density of battery system [10—12]. To date,
various types of cathode materials have been extensively investigated for sodium-ion batteries, including
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transition-metal (TM) layered oxides, Prussian blue analogues, and polyanionic compounds [13—15]. Among all
the cathode materials, TM layered oxides have attracted considerable attention due to their simple preparation
routes, abundant raw material sources, and high specific capacity [16—18]. Currently, the most widely investigated
TM layered oxides as cathode materials have the P2-type (Na,TMO,, 0.6 <x < 0.7) and O3-type (NaxTMO,, x = 1)
structures [19-21]. Herein, the P2-type layered oxides exhibit several advantages, such as high structural stability,
wide ion diffusion channels, and excellent high rate discharge capability. In particular, P2-type layered oxides
demonstrate better cycling stability than their O3-type layered counterparts [22-24]. Among P2-type layered
oxides, Nay 7Co0; is known for its outstanding electrochemical performance and structural robustness, maintaining
its crystal structure even when exposed to humid air [25]. For example, Gao et al. prepared a self-supported
Nay7CoO; nanosheet arrays via the facile “sodiation and post-calcination” method, which exhibit an initial specific
capacity of approximately 110 mAh g™' at 1C rate and around 60 mAh g™' at 15C rate [26]. Li et al. synthesized
lamellar P2-Nag 7CoO» material by hydrothermal method, which can provide a maximum capacity of 110 mAh g!
at a current density of 12.5 mA ¢!, and 60 mAh g! at a current density of 1250 mA g ' [27]. Herein, it seems that
the initial specific capacity of Nag;,CoO; cathode is hard to exceed 115 mAh g ! at 1C rate. A critical question,
therefore, is how to further enhance its performance, particularly in terms of balancing specific capacity, high-rate
capability, and cycling stability.

It is demonstrated from previous studies that elemental substitution is an effective strategy for improving the
electrochemical performance of oxide cathode materials. In particular, partial substitution of transition metals by
lithium can effectively suppress phase transitions in layered oxides during charge—discharge processes, thereby
improving their cycling stability. For example, Xu et al. substituted transition-metal ions in the TM layer of layered
oxides with Li and successfully prepared O3-type NaLig 7Nio26Mng4C00260,. The Li partial substitution in the
TM layer is good to suppress phase transitions for improving the electrochemical cycling performance [28]. In
addition, Ding et al. introduced Li into the TM layer to obtain a P2/O3 biphasic Nay ¢7L1i¢.15sNio.1sMgo.02Mng 302
oxide. The as-prepared oxide cathode can deliver a high discharge capacity of 160 mAh g™! at 0.1C rate, and show
the good cycling stability [29]. Moreover, Chen et al. prepared a Li-substituted P2-type Na,;3Lig1Nig23Mng.6702
layered oxide. The Li-substituted P2-type oxide cathode presents a large initial discharge capacity of 121.5 mAh g/,
and maintain a good capacity retention of 79.9% after 100 cycles [30]. It should be noted that lithium can substitute
not only transition-metal cations in the TM layer, but also can replace sodium ions in the Na layer. It means that
such Li partial substitution at Na sites can not only improve the cycling stability of layered oxide cathodes, but
also potentially enhance their specific capacity based on the decrease on oxide formula weight. For example,
Wang et al. prepared an O3-type Nag¢7Lio2Feo4Mng 4O, material, and it is revealed by in-situ XRD technology
together with neutron powder diffraction that Li partial substitution at alkali sites is helpful to stabilize the layered
structure during electrochemical reactions. Moreover, Li partial substitution is also effective to reduce the energy
barrier for Na-hopping, thereby facilitating Na insertion/extraction, and leading to the improved cycling stability
and high rate performance [31].

In this work, the P2-type Nag¢Lio.1CoO; layered oxide is prepared via a high-temperature solid-state method
by partially substituting Na with Li. The effects of Li partial substitution on the crystal structure, morphology, and
electrochemical properties of the as-prepared oxide are investigated in detail. The results indicate that partial Li
partial substitution can effectively suppress unfavorable phase transitions, thereby improving the reversible
capacity, cycle stability, and high-rate capability of the cathode.

2. Experimental
2.1. Material Preparation

P2-type layered Nag7CoO, was prepared via a high-temperature solid-state method. Stoichiometric amounts
of Na,COs3 and Co304 powders were thoroughly ground and homogenized, followed by calcination at 800 °C for
48 h under a pure oxygen atmosphere with a heating rate of 5 °C min', yielding the P2-type Nay 7CoO, phase. For
the Li-substitute samples, Li»CO3; was added in stoichiometric amounts to partially replace Na at its
crystallographic sites, and layered Nag¢Lip1CoO, was prepared using the same procedure. Considering the high
volatility of sodium at elevated temperatures, 5 wt% excess Na,CO3 was added during synthesis to compensate
for sodium loss during the high-temperature solid-state reaction.

2.2. Structural Characterization

The crystal structures of the samples were analyzed using X-ray diffraction (XRD, Mini Flex II, Rigaku, Tokyo,
Japan) with a Cu Ko radiation source (A = 1.54184 A). Data were collected over a 20 range of 10-80° at a scanning
rate of 4° min!. The microstructure, morphology, and particle size of the materials were examined using scanning
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electron microscope (SEM, JSM-7800F, JEOL, Tokyo, Japan), transmission electron microscope (TEM, JEM-2800,
JEOL, Tokyo, Japan) coupled with and energy-dispersive X-ray spectra (EDS). The valence states of the constituent
elements were characterized by X-ray photoelectron spectra (XPS, Thermo Scientific ESCALAB 250Xi, Waltham,
MA, USA). The elemental composition of the active materials was characterized by inductively coupled plasma
optical emission spectroscopy (ICP-OES, Agilent 5110, Santa Clara, CA, USA).

2.3. Electrochemical Tests

The as-prepared cathode material, conductive carbon black (Super P), and polyvinylidene fluoride (PVDF)
were mixed with N-methyl-2-pyrrolidone (NMP) at a mass ratio of 8:1:1. After magnetic stirring for 4-5 h, a
homogeneous slurry was obtained and subsequently coated onto the matte side of an aluminum foil using a 100-pum
doctor blade. The coated electrodes were dried in an oven at 110 °C for 12 h and then punched into circular disks
with a diameter of 10 mm to serve as the working electrodes. Metallic sodium was used as the counter electrode,
GF/D glass fiber as the separator, and the electrolyte consisted of 1 mol L' NaClO4 dissolved in a 1:1 (v/v) mixture
of ethylene carbonate (EC) and propylene carbonate (PC) with an additional 5 vol% fluoroethylene carbonate
(FEC). CR2032 coin cells were assembled in an argon-filled glovebox. The mass loading of the active material
was with the value ranging from 2.5 to 3.0 mg cm 2.

Galvanostatic charge—discharge tests at various current rates were performed on a LAND battery testing system
within the voltage range of 2.0-4.0 V. Electrochemical impedance spectra (EIS) were measured using a Zahner
IM6ex workstation over a frequency range of 0.1 Hz to 100 kHz. Cyclic voltammetry (CV) was conducted on a
CHI600a electrochemical workstation in the potential range of 2.0-4.0 V (vs. Na/Na") at the scan rate of 0.1 mV s ..

3. Results and Discussion
3.1. Material Structural Characteristics

The crystal structures of the samples were characterized and analyzed using XRD patterns, and the results
are shown in Figure 1. As presented in Figure 1a, the diffraction peaks of the Nag7CoO, sample match well with
those of the hexagonal Nag 71Co0.960> standard pattern (PDF#30-1182), indicating that the as-prepared oxide has a
P2-type layered structure with a hexagonal lattice (space group P63/mmc). In addition, the sharp diffraction peaks
suggest that the sample possesses a good crystallinity. From the magnified XRD pattern in the 26 range of 15-17°
as shown in Figure 1b, no shift is observed in the (002) peak, which corresponds to the c-axis characteristic
reflection, implying that the interlayer spacing along the c-axis remains unchanged. Similarly, the (102) peak
associated with the transition-metal (TM) layer also shows no observable shift. This is likely due to the smaller
ionic radius of Li-ions. When Li-ions are used to substitute Na-ions partially, its relatively small size of Li-ions is
insufficient to significantly alter either the TM-layer spacing or the c-axis lattice parameter in the Li-substituted
sample. Furthermore, no impurity peaks are detected in the Nag 7C0O,, suggesting that the as-prepared product has
the pure phase layered structure. In contrast, several weak diffraction peaks appear at 18.9°, 37.4°, 45.2°, and 59.6°
in the NagLio.;CoO, sample. It is confirmed after comparison with standard patterns that these peaks correspond
to LiCoO; (PDF#50-0653), indicating that trace amounts of the LiCoO, impurity phase are formed upon the
introduction of LiCOj into the Li-substituted sample. XRD Rietveld refinements were performed on the two
samples, and the results are summarized in Table 1. Different from neutron powder diffraction (NPD), the
substitution sites for Li are hard to obtain based on normal XRD Rietveld refinements. However, the interlayer
spacing of (002) plane of NagsLip1CoO, can be obtained as shown in Table 1, which is slightly increased as
compared to that of Nag7CoO, sample. In general, there are two possible substitution sites for Li in the layered
structure of Li-substituted TM oxide for Na-ion batteries, the alkali site substitution of Li with smaller ionic radius
could decrease the interlayer distance [31]. From this, it can be inferred that Li substitution could be conducted
randomly at Na sites/TM sites.

Table 1. XRD refinement results of Nao.7CoO2 and Nao.cLio.1CoO2 samples.

Sample a(Ad) c(A) dooz (A)
Nao7C00; 2.8363 (0.0002) 10.9070 (0.0008) 5.4354
NaoeLio1CoO; 2.8342 (0.0002) 10.9293 (0.0009) 5.4419

In order to verify whether the elemental ratios in the samples meet the designed requirements, ICP-OES tests
were performed on the two samples. The elemental contents are listed in Table 2, which are consistent almost with
the expectations within the margin of error.
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Table 2. The elemental content of Na, Co, and Li in Nao.7CoO2 and Nao.cLio.1CoO2 samples.

Sample Na Li Co Metal Composition
Nay7Co0, 14.36% 0% 52.13% Nag.7054C01-O
Nao,gLimCOOz 14.00% 0.70% 57.68% N30‘6216Li0,1035C01-O
a b c
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Figure 1. XRD patterns of Nao7CoO2 and NageLio1CoO2 samples: (a) full patterns; (b,c) magnified views of
selected (002) and (102) peaks.

The morphologies of the samples were examined using scanning electron microscope (SEM), and the images
are presented in Figure 2. As shown in Figure 2a, the Nay;7CoO, sample is consisted of plate-like particles with
sharp-edged, quasi-hexagonal shapes and widths of approximately 4-5 um. The particle surface appears smooth,
which is mainly attributed to the strong anisotropy during the crystal growth of layered materials, resulting in step-
like surface features due to variations in crystallographic orientations. As seen in Figure 2c, when Li ions are
partially introduced into the layered structure, the NagsLio.;CoO, sample exhibits a significantly rougher and more
irregular surface morphology, despite being prepared under identical conditions (calcination temperature and dwell
time) to Nag7C00. This surface roughening may be attributed to the altered surface energy caused by partial Li
substituting, which disrupts the preferred growth orientation of the layered oxide grains. Additionally, a rougher
surface typically corresponds to a higher specific surface area, which increases the interfacial contact between the
active material and electrolyte for subsequent electrochemical reaction. It is demonstrated from the elemental
mapping results in Figure 2b,d that Na, Co, and O are uniformly distributed in both samples, further confirming
the integrity of both the samples. Due to the low atomic number of Li, however, it is difficult to detect Li signals
using EDS mapping.

Figure 2. SEM images and corresponding EDS-mapping of (a,b) Nao.7CoO: and (¢,d) Nao.sLio.1CoO2 samples.
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The microstructures of the samples were further examined using transmission electron microscope (TEM).
As shown in Figure 3, both the Nay7CoO, and NagsLio. CoO, samples exhibit lattice fringes with an interplanar
spacing of 0.54 nm based on the TEM measurement accuracy, corresponding to the (002) planes of the layered
structure. It indicates that partial substitution of Na by Li does not alter the (002) interlayer spacing in the Li-
substituted oxide. The primary reason is that the larger Na* ions are dominant to support the overall layered
framework, while the smaller Li-ions are randomly distributed at Na sites/TM sites and do not alter the layered
arrangement. This observation is consistent with the analysis from the XRD patterns in Figure 1.

10 nm

Figure 3. TEM images of (a) Nao.7CoO2 and (b) Nao.cLio.1CoO2 samples.

The oxidation states of the elements in Nay7C00O; and Nag¢Lip.;CoO, samples were characterized using X-ray
photoelectron spectra (XPS), as shown in Figure 4. Due to the low atomic number of Li, the signal of Li-ions in
the Li-substituted oxide is hard to be detected by XPS technology. It is confirmed from the survey spectra (Figure 4a,b)
that the Na, Co, and O signals are presented in both the samples. In particular, the high-resolution core levels
(Figure 4c,d) provide detailed chemical state information for Co. There are four distinct peaks from Co 2p core
level: the Co 2ps3,» peak can be deconvoluted into two components at 779.3 eV and 780.7 eV, while the Co 2pi
peak is fitted with two components at 794.2 eV and 796.1 eV, corresponding to Co*" and Co*", respectively, which
is consistent with the characteristics of layered oxides. The peak areas indicate a Co*": Co’* ratio of 1: 0.57 in the
oxides. It is shown from comparative analysis that the Co 2p core levels of the two samples are almost identical
before and after Li partial substitution, indicating that the partial replacement of Na by Li does not alter the
chemical state of Co in the Li-substituted oxide.
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Figure 4. XPS spectra of (a,b) Nao.7CoO2 and (¢,d) Nao.cLio.1CoO2 samples.
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3.2. Electrochemical Performance

To investigate the effect of partial Li substitution for Na on the electrochemical performance of Nag7C00,,
sodium-ion half-cells were assembled and evaluated, including galvanostatic charge—discharge, high-rate
discharge capability, cycling performance, cyclic voltammograms (CVs), and electrochemical impedance spectra
(EIS). As shown in the galvanostatic charge—discharge profiles within the 2.0—4.0 V voltage window (Figure 5a),
both the cathodes exhibit similar discharge curves and voltage plateaus. Notably, the multiple plateaus at
2.73 V/3.0 V/3.3 V/3.7 V (charging), and at 3.6 V/3.2 V/2.9 V/2.6 V (discharging) can be observed clearly in the
charge—discharge profiles, respectively, reflecting the complex phase transitions during insertion/extraction
processes of Na-ions. These multiple plateaus can be attributed to the ordering of Na*/vacancies and the sliding of
MO: layers in the insertion/extraction processes of Na-ions [24]. Figure 5b presents the CVs of both the electrodes
at the scan rate of 0.1 mV s™'. The nearly overlapping CVs indicate that the fundamental electrochemical processes
are similar for both the electrodes. Moreover, the multiple redox peaks can be observed in CVs, which is
corresponding well with the multi-plateau features in the charge—discharge profiles. As shown in Figure 5c, the
Nayg.sLio.1CoO; cathode exhibits the excellent high-rate discharge capability. More specifically, the Nag sLio.1CoO»
cathode can deliver the high specific capacity of nearly 140 mAh g™' at 0.1C rate, and the discharge capacity of
115 mAh g' at 5C rate. In particular, the cathode still retains over the discharge capacity of 90 mAh g™! at an
ultrahigh rate of 20C rate. In comparison, the pristine Nag7CoO, cathode can also deliver high discharge capacities
at low rates (<2C rate), but shows a pronounced capacity drop at high rates (especially at 10C and 20C rate).
Notably, when the discharge current density is restored to 1C rate, the discharge capacity of the Nag ¢Lio.1CoOs is
recovered to 130 mAh g !, demonstrating its excellent adaptability to various rate changes.
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Figure 5. Electrochemical performance of Nao7CoO2 and NaocLio.iCoOz: (a) galvanostatic charge—discharge
profiles at 1C rate; (b) cyclic voltammograms (CVs) at the scan rate of 0.1 mV s™'; (¢) high-rate discharge
capability; (d) electrochemical impedance spectra (EIS) after 10 cycles; (e) cycling performance and coulombic
efficiency over 300 cycles.
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To further investigate the effect of partial Li substitution on the electrochemical performance, EIS
measurements were also conducted on cathodes after 10 cycles (Figure 5d). Both EIS spectra are consisted of two
semicircles, corresponding to the formation of solid electrolyte interfacial (SEI) film and surface charge-transfer
processes. The EIS fitting results are presented in Table 3, with the equivalent circuit inside Figure 5d [32]. The
electrolyte resistances (R,) are smaller for two cathodes, which can be negligible in the impedance analysis.
Obviously, both the interface film resistance (Ry) and surface charge-transfer resistance (R.;) of NagsLio.1CoO;
cathode are smaller than those of Nag7Co00, cathode. In particular, the total impedance of the Nag¢Lig1CoO,
cathode is smaller, indicating that Li substitution can reduce electrode impedance to certain extent, which is
beneficial for enhance the high-rate discharge capability of the cathode. Figure 5e shows the cycling performance
of the cathodes at 1C rate (1C = 130 mAh g™') within 2.0-4.0 V. Obviously, in the initial 3-5 cycles, the discharge
capacities of both cathodes are increased slightly, followed by a gradual decline with further cycling. This initial
increase on the discharge capacity is attributed to the incomplete wetting of the cathode by the electrolyte in freshly
assembled cells, and the cathodes are activated gradually and stabilized with cycling at the initial stage. In
particular, Nag¢Lio1CoO, cathode delivers the high initial capacity of 129.7 mAh g™! and retains the discharge
capacity of 106.1 mAh g! after 300 cycles at 1C rate, corresponding to the good capacity retention of 81.8%. In
comparison, the Nay7CoO, cathode exhibits the low initial capacity of 115.2 mAh g™! and the discharge capacity
0f 92.9 mAh g! after 300 cycles, with the capacity retention of 80.6%.

Table 3. The EIS fitted data of Nao.7CoO2 and Nao.sLio.1CoO2 cathodes.

Cathode R,/Q RAIQ R/
Nag.7Co0O, 4.27 41.39 639.8
Nag.sLip.1CoO2 9.20 36.21 390.3

To investigate the morphological changes of the cathode particles after cycling, the cells were disassembled
after 300 cycles at 1C rate, and the cathode active materials were examined by SEM (Figure 6). In comparison
with the morphologies of the as-prepared oxide samples before cycling as shown in Figure 2, both the samples
maintain relatively large grains, with no significant layer delamination, fracture, or pulverization observed after
300 cycles. These results indicate that the as-prepared oxide cathode materials possess good morphological
stability during prolonged electrochemical cycling, which is highly important for insuring the stable
electrochemical performance of cathode, including the high-rate discharge capability and cycling stability.

Figure 6. SEM images of cathodes after 300 cycles at 1C rate: (a) Nao.7CoO2 and (b) Nao.cLio.1C0oOx.

4. Conclusions

In this work, Li-partially substituted Nag¢Lio.1CoO> layered oxide cathode materials are prepared via a high-
temperature solid-state method. It is demonstrated that, after partial substitution of Na with Li, NagsLio.1CoO,
retains the original P2-type layered structure and similar grain size, while containing trace amounts of a LiCoO,
impurity phase. The introduction of Li modulates the surface energy of Nay;CoO,, thereby influencing the
preferred growth orientation of the grains and altering the microstructure of the particles. This change facilitates
the rapid migration of Na-ions in the electrochemical insertion/extraction processes of Na-ions. Li incorporation
also suppresses phase transitions during charge-discharge processes of the oxide cathode, helping to preserve the
structural integrity and enhance cycling stability while allowing fast extraction of Na-ions. It is shown from
electrochemical measurements that the Nag ¢Lio.1CoO; oxide cathode delivers the high initial specific capacity of

7



Zheng et al. New Energy Mate. Devices 2026, 1(1), 1-9

129.7 mAh g ! at 1C rate and retains the discharge capacity of 106.1 mAh g! after 300 cycles, corresponding to
the good capacity retention of 81.8%. Additionally, Li partial substitution reduces the electrode impedance to a
certain extent, thereby improving the high-rate discharge capability of the cathode. Even at an ultrahigh rate of
20C rate, the as-prepared oxide cathode still delivers the large discharge capacity of 93.1 mAh g™'. It means that
partial substitution of Na with Li can significantly enhance the specific capacity, cycling stability, and rate performance
of P2-type layered oxides, which is promising for the further development of P2-type layered cathode materials.
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